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Preface

The concept of guided lightwave communication along optical fibers has stimulated a
major new technology which has come to maturity over the last fifteen years. During
this period tremendous advances have been achieved with optical fibers and com-
ponents as well as with the associated optoelectronics. As a result this new technology
has now reached the threshold of large scale commercial exploitation. Installation of
optical fiber communication systems is progressing within both national telecom-
munication networks and more localized data communication and telemetry environ-
ments. Furthermore, optical fiber communication has become synonymous with the
current worldwide revolution in information technology. The relentless onslaught will
undoubtedly continue over the next decade and the further predicted developments will
ensure even wider application of optical fiber communication technology in this ‘infor-
mation age’.

The practical realization of wide-scale optical fiber communications requires suitable
education and training for engineers and scientists within the technology. In this
context the book has been developed from both teaching the subject to final year
undergraduates and from a successful series of short courses on optical fiber com-
munications conducted for professional engineers at Manchester Polytechnic. This
book has therefore been written as a comprehensive introductory textbook for use by
undergraduate and postgraduate engineers and scientists to provide them with a firm
grounding in the major aspects of this new technology whilst giving an insight into the
possible future developments within the field. The reader should therefore be in a posi-
tion to appreciate developments as they occur. With these aims in mind the book has
been produced in the form of a teaching text enabling the reader to progress onto the
growing number of specialist texts concerned with optical fiber waveguides,
optoelectronics, integrated optics, etc.

In keeping with the status of an introductory text the fundamentals are included
where necessary and there has been no attempt to cover the entire field in full
mathematical rigor. However, selected proofs are developed in important areas
throughout the text. It is assumed that the reader is conversant with differential and
integral calculus and differential equations. In addition, the reader will find it useful to
have a grounding in optics as well as a reasonable familiarity with the fundamentals of
solid state physics.

Chapter 1 gives a short introduction to optical fiber communications by considering
the historical development, the general system and the major advantages provided by
this new technology. In Chapter 2 the concept of the optical fiber as a transmission
medium is introduced using a simple ray theory approach. This is followed by discus-
sion of electromagnetic wave theory applied to optical fibers prior to consideration of
lightwave transmission within the various fiber types. The major transmission
characteristics of optical fibers are then discussed in some detail in Chapter 3.

Chapters 4 and 5 deal with the more practical aspects of optical fiber communica-
tions and therefore could be omitted from an initial teaching program. In Chapter 4 the

ix
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manufacture and cabling of the various fiber types are described, together with fiber to
fiber connection or jointing. Chapter 5 gives a general treatment of the major measure-
ments which may be undertaken on optical fibers in both the laboratory and the field.
This chapter is intended to provide sufficient background for the reader to pursue
useful laboratory work with optical fibers.

Chapters 6 and 7 discuss the light sources employed in optical fiber communica-
tions. In Chapter 6 the fundamental physical principles of photoemission and laser
action are covered prior to consideration of the various types of semiconductor and
nonsemiconductor laser currently in use, or under investigation, for optical fiber com-
munications. The other important semiconductor optical source, namely the light
emitting diode, is dealt with in Chapter 7.

The next two chapters are devoted to the detection of the optical signal and the
amplification of the electrical signal obtained. Chapter 8 discusses the basic principles
of optical detection in semiconductors; this is followed by a description of the various
types of photodetector currently utilized. The optical fiber receiver is considered in
Chapter 9 with particular emphasis on its performance in noise.

Chapter 10 draws together the preceding material in a detailed discussion of optical
fiber communication systems, aiming to provide an insight into the design criteria and |
practices for all the main aspects of both digital and analog fiber systems. A brief
account of coherent optical fiber systems is also included to give an appreciation of this
area of future development. Finally, Chapter 11 describes the many current and pre-
dicted application areas for optical fiber communications by drawing on examples
from research and development work which has already been undertaken. This discus-
sion is expanded into consideration of other likely future developments with a brief
account of the current technology involved in integrated optics and optoelectronic
integration.

Worked examples are interspersed throughout the text to assist the learning process
by illustrating the use of equations and by providing realistic values for the various |
parameters encountered. In addition, problems have been provided at the end of
relevant chapters (Chapters 2 to 10 inclusive) to examine the reader’s understanding of
the text and to assist tutorial work. A Teacher’s Manual containing the solutions to
these problems may be obtained from the publisher. Extensive end-of-chapter
references provide a guide for further reading and indicate a source for those equations
which have been quoted without derivation. A complete glossary of symbols, together
with a list of common abbreviations employed in the text, is provided. SI units are used
throughout the text.

I am very grateful for the many useful comments and suggestions provided by |
reviewers which have resulted in significant improvements to this text. Thanks must |
also be given to the authors of numerous papers, articles and books which I have
referenced whilst preparing the text, and especially to those authors, publishers and
companies who have kindly granted permission for the reproduction of diagrams and
photographs. Further, I would like to thank my colleagues in the Dept. of Electrical
and Electronic Engineering at Manchester Polytechnic for their many helpful com-
ments on the text; in particular Dr. Norman Burrow, Dr. John Edwards and Stewart
Cusworth for the time spent checking the manuscript. I am also grateful to my family
and friends for tolerating my infrequent appearances over the period of the writing of
this book. Finally, words cannot express my thanks to my wife, Marion, for her
patience and encouragement with this project and for her skilful typing of the
manuscript.

- J. M. Senior {
Manchester Polytechnic
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Glossary of Symbols and Abbreviations

constant, area (cross-section, emission), far field pattern size, mode
amplitude, wave amplitude (4,)

Einstein coefficient of spontaneous emission

peak amplitude of the subcarrier waveform (analog transmission)

fiber core radius, parameter defining the asymmetry of a planar guide
(eqn. 11.6), baseband message signal (a(?))

integer 1 or 0

constant, electrical bandwidth (post detection), magnetic flux density,
mode amplitude, wave amplitude (By)

Einstein coefficients of absorption, stimulated emission

modal birefringence

bandwidth of an intensity modulated optical signal m(f)

optical bandwidth

recombination coefficient for electrons and holes

bit rate, when the system becomes dispersion limited (B (DL))
normalized propagation constant for a fiber, ratio of luminance to com-
posite video

constant, capacitance, crack depth (fiber), wave coupling coefficient per
unit length

effective input capacitance of an optical fiber receiver amplifier

optical detector capacitance

capacitance associated with the feedback resistor of a transimpedance
optical fiber receiver amplifier

total optical fiber channel loss in decibels, including the dispersion—
equalization penalty (Crp)

wave amplitude

total capacitance

velocity of light in a vacuum, constant (¢, ¢;)

tap coefficients for a transversal equalizer

amplitude coefficient, electric flux density, distance, corrugation period,
decision threshold in digital optical fiber transmission

frequency deviation ratio (subcarrier FM)

dispersion—equalization penalty in decibels

frequency deviation ratio (subcarrier PM)

fiber core diameter, distance, width of the absorption region (photo-
detector), pin diameter (mode scrambler)

fiber outer (cladding) diameter

electric field, energy, Youngs modulus, expected value of a random vari-
able

xi
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xii GLOSSARY OF SYMBOLS AND ABBREVIATIONS

activation energy of homogeneous degradation for an LED
E¢ Fermi level (energy), quasi-Fermi level located in the conduction band
(Ep.), valence band (E,) of a semiconductor

E, separation energy between the valence and conduction bands in a
semiconductor (bandgap energy)

E_(® subcarrier electric field (analog transmission)

E, optical energy

E, separation energy of the quasi-Fermi levels

e electronic charge, base for natural logarithms

F probability of failure, transmission factor of a semiconductor—external
interface, excess avalanche noise factor (F(M) )

F Fourier transformation

F, noise figure (amplifier)

f frequency

/o peak to peak frequency deviation (PFM-IM)

fa peak frequency deviation (subcarrier FM and PM)

So pulse rate (PFM—IM)

G open loop gain of an optical fiber receiver amplifier

Gi(n amplitude function in the WKB method

o optical gain (phototransistor)

Gsn Gaussian (distribution)

g degeneracy parameter

g gain coefficient per unit length (laser cavity)

Em transconductance of a field effect transistor

& threshold gain per unit length (laser cavity)

H magnetic field

H, optical power transfer function (fiber), circuit transfer function

H,(o) optical tiber receiver amplifier frequency response (including any equaliza-
tion)

Hcy (@) closed loop current to voltage transfer function (receiver amplifier)

H (o) equalizer transfer function (frequency response)

Hgy (o) open loop current to voltage transfer function (receiver amplifier)
H, (o) output pulse spectrum from an optical fiber receiver

h Planck’s constant, thickness of a planar waveguide, power impulse
response for an optical fiber (2(1))

ha() optical fiber receiver amplifier impulse response (including any equaliza-
tion)

hey effective thickness of a planar waveguide

heg common emitter current gain for a bipolar transistor

het) optical fiber impulse response

Rou(0) output pulse shape from an optical fiber receiver

(D) input pulse shape to an optical fiber receiver

h(® transmitted pulse shape on an optical fiber link

I electrical current, optical intensity

I background radiation induced photocurrent (optical receiver) '

Tiias bias current for an optical detector

1, collector current (phototransistor)

I, dark current (optical detector)

I, maximum optical intensity

I, photocurrent generated in an optical detector

Iy, threshold current (injection laser)

i electrical current

Ex. 1017.13



| il

GLOSSARY OF SYMBOLS AND ABBREVIATIONS xiii

Iy

Tamp

NA
NEP

optical receiver preamplifier shunt noise current
optical receiver preamplifier total noise current
decision threshold current (digital transmission)
photodiode dark noise current
output current from an optical detector
noise current generated in the feedback resistor of an optical fiber receiver
transimpedance preamplifier
total noise current at a digital optical fiber receiver
multiplied shot noise current at the output of an APD excluding dark
noise current
shot noise current on the photocurrent for a photodiode
multiplied shot noise current at the output of an APD including the dark
noise current
signal current obtained in an optical fiber receiver
thermal noise current generated in a resistor
total shot noise current for a photodiode without internal gain
Bessel function, current density
tjresho!d current density (injection laser)
-1
Boltzmann’s constant, constant dependent on the optical fiber properties,
modified Bessel function
stress intensity factor, for an elliptical crack (K c)
wave propagation constant in a vacuum (free space wave number), wave
vector for an electron in a crystal, ratio of ionization rates for holes and
electrons, integer
angular frequency deviation (subcarrier FM)
phase deviation constant (subcarrier PM)
length (fiber), distance between mirrors (laser)
beat length in a single mode optical fiber
coherence length in a single mode optical fiber
characteristic length (fiber)
constant with dimensions of length
lateral misalignment loss at an optical fiber joint
transmission loss factor (transmissivity) of an optical fiber
azimuthal mode number, distance, length
atomic spacing (bond distance)
wave coupling length
avalanche multiplication factor, material dispersion parameter, total
number of guided modes or mode volume; for a multimode step index
fiber (M,); for multimode graded index fiber (M), mean value (M) and
mean square value (M,) of a random variable
safety margin in an optical power budget
optimum avalanche multiplication factor
excess avalanche noise factor, (also denoted as F(M) )
radial mode number, Weibull distribution parameter, intensity modulated
optical signal (m(s) ), mean value of a random variable, integer
modulation index
integer, density of atoms in a particular energy level (e.g2. Ny, Np, N3),
minority carrier concentration in # type semiconductor material, group
index of an optical waveguide (V)
numerical aperture of an optical fiber
noise equivalent power
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xiv GLOSSARY OF SYMBOLS AND ABBREVIATIONS

N, defined by equation 10.80

n refractive index (e.g. n,, n,, n3), stress corrosion susceptibility, negative
type semiconductor material

n, effective refractive index of a planar waveguide

n, refractive index of air

P electrical power, minority carrier concentration in p type semiconductor

material, probability, of error (P(e)), of detecting a zero level (P(0) ), of
detecting a one level (P(1)), of detecting z photons in a particular time
period (P(z) ), conditional probability, of detecting a zero when a one is
transmitted (P(0/1)), of detecting a one when a zero is transmitted

(P(1/0))

/8 total power in a baseband message signal a(f)

Py threshold optical power for Brillouin scattering

P, optical power coupled into a step index fiber

Py optical power density

Py d.c. optical output power

B optical power emitted from an optical source

Pg optical power in a guided mode

P, mean input (transmitted) optical power launched into a fiber ‘

Py, internally generated optical power (optical source)

IR total power in an intensity modulated optical signal m(z) ‘

P, mean output (received) optical power from a fiber

Py mean optical power travelling in a fiber |

- initial output optical power (prior to degradation) from an optical source |

Py, peak received optical power |

P, reference optical power level |

Py threshold optical power for Raman scattering

Pg.(0 backscattered optical power (Rayleigh) within a fiber

P, optical power scattered from a fiber

Pi(w) frequency spectrum of the mean input optical power launched into a fiber

P (o) frequency spectrum of the mean output optical power received from a
fiber

)/ crystal momentum, average photoelastic coefficient, positive type
semiconductor material, probability density function (p(x) )

q integer, fringe shift

R photodiode responsivity, radius of curvature of a fiber bend, electrical
resistance (e.g. Rips Rou)

R, upward transition rate for electrons from energy level 1 to level 2

R, downward transition rate for electrons from energy level 2 to level 1

R, effective input resistance of an optical fiber receiver preamplifier

R, bias resistance, for optical fiber receiver preamplifier (Ry,)

R, critical radius of an optical fiber

Ry radiance of an optical source

RE 5 ratio of electrical input power in decibels for an optical fiber system

R; feedback resistance in an optical fiber receiver transimpedance pre-
amplifier

Ry load resistance associated with an optical fiber detector

ROy ratio of optical output power to optical input power in decibels for an
optical fiber system

Ry total load resistance within an optical fiber receiver

r radial distance from the fiber axis, Fresnel reflection coefficient, mirror |
reflectivity, electro-optic coefficient |
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GLOSSARY OF SYMBOLS AND ABBREVIATIONS xv

re generated electron rate in an optical detector

rer> TET reflection and transmission coefficients respectively for the electric field at
a planar, guide-cladding interface

Furs THT reflection and transmission coefficients respectively for the magnetic field
at a planar guide-cladding interface

Fo incident photon rate at an optical detector
fraction of captured optical power, macroscopic stress

St fracture stress

G phase function in the WKB method

S (@) spectral density of the intensity modulated optical signal m(¢)

S/N peak signal power to rms noise power ratio, with peak to peak signal
power [(S/N),_,], with rms signal power [(S/N) rms]

S, theoretical cohesive strength

s pin spacing (mode scrambler)

T temperature, time

T, insertion loss resulting from an angular offset between jointed optical
fibers

T. 10-90% rise time arising from intramodal dispersion on an optical fiber
link

Tp 10-90% rise time for an optical detector

T fictive temperature )

T insertion loss resulting from a lateral offset between jointed optical fibers

T, 10-90% rise time arising from intermodal dispersion on an optical fiber
link

T, threshold temperature (injection laser), nominal pulse period (PFM-IM)

Tr 10-909% rise time at the regenerator circuit input (PEM-IM)

Ts 10-90% rise time for an optical source

Toyat total 10-90% rise time for an optical fiber system

Tt total insertion loss at an optical fiber joint

T, temperature rise at time ¢

T maximum temperature rise

t time

te time constant

ty switch on delay (laser)

1, 1/e pulse width from the center

t 10-90% rise time

U eigenvalue of the fiber core

vV electrical voltage, nomalized frequency for an optical fiber or planar
waveguide

Viias bias voltage for a photodiode

Ve cutoff value of normalized frequency

Vee collector supply voltage

Ve collector—emitter voltage (bipolar transistor)

VEE emitter supply voltage

Vopt voltage reading corresponding to the total optical power in a fiber

Ve voltage reading corresponding to the scattered optical power in a fiber

v electrical voltage

v, amplifier series noise voltage

ING)] receiver amplifier output voltage

Ve crack velocity

Vg group velocity

Vou D) output voltage from an RC filter circuit
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xvi GLOSSARY OF SYMBOLS AND ABBREVIATIONS
v, phase velocity
W eigenvalue of the fiber cladding, random variable
W, electric pulse width
W, optical pulse width
X random variable
x coordinate, distance, constant, evanescent field penetration depth, slab
thickness
¥ constant, shunt admittance, random variable
y coordinate, lateral offset at a fiber joint
VA random variable
Zy electrical impedance
z coordinate, number of photons
Zm average or mean number of photons arriving at a detector in a time period
T
Zmd average number of photons detected in a time period 1
characteristic refractive index profile for fiber (profile parameter),
optimum profile parameter ()
a loss coefTicient per unit length (laser cavity)
Ogr connector loss at transmitter and receiver in decibels
Ogp signal attenuation in decibels per unit length
Og fiber cable loss in decibels per kilometer
a; fiber joint loss in decibels per kilometer
on signal attenuation in nepers |
ey absorption coefiicient |
o, radiation attenuation coefficient |
B wave propagation constant
B gain factor (injection laser cavity)
Be isothermal compressibility
Bo proportionality constant
B, degradation rate
¥ angle, attenuation coefficient per unit length for a fiber \
Yo surface energy of a material
YR Rayleigh scattering coefficient for a fiber
A relative refractive index difference between the fiber core and cladding ‘
Sg phase shift associated with transverse electric waves .
o uncorrected source frequency width l
oy phase shift associated with transverse magnetic waves
S optical source spectral width (linewidth)
8T intermodal dispersion time in an optical fiber
8T, delay difference between an extreme meridional ray and an axial ray for a
graded index fiber
8T, delay difference between an extreme meridional ray and an axial ray for a
step index fiber, with mode coupling (87'.)
€ electrical permittivity, of free space (&), relative ()
' solid acceptance angle
n quantum efficiency (optical detector)
Mang angular coupling efficiency (fiber joint)
e coupling efficiency (optical source to fiber) |
b differential external quantum efficiency (optical source) '
Nep external power efficiency (optical source)
ut internal quantum efficiency (optical source)
Miat lateral coupling efficiency (fiber joint)
Mpe overall power conversion efficiency (optical source)
Tt total external quantum efficiency (optical source)

\
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GLOSSARY OF SYMBOLS AND ABBREVIATIONS xvii
0 angle, fiber acceptance angle (6,), Bragg diffraction angle (9g)
A acoustic wavelength, period for perturbations in a fiber
A cutoff period for perturbations in a fiber
2 optical wavelength
A long wavelength cutoff (photodiode)
o wavelength at which first order dispersion is zero
m magnetic permeability, relative permeability (u,), permeability of free
space (1)
v optical source bandwidth in gigahertz
P polarization rotation in a single mode optical fiber
Pr spectral density of the radiation energy at a transition frequency /
o standard deviation, (rms pulse width), variance (%)
o, rms pulse broadening resulting from intramodal dispersion in a fiber
Om rms pulse broadening resulting from material dispersion in a fiber
On rms pulse broadening resulting from intermodal disperion, in a graded
index fiber (g, ), in a step index fiber (o;)
or total rms pulse broadening in a fiber or fiber link
oy rms spectral width of emission from optical source
1 time period, bit period, pulse duration 3 dB pulse width (z(3 dB))
51 spontaneous transition lifetime between energy levels 2 and 1
18 time delay in a transversal equalizer
T, 1/e full width pulse broadening due to dispersion on an optical fiber link
T group delay
T injected (minority) carrier lifetime
T, radiative minority carrier lifetime
o] linear retardation
¢ angle, critical angle (¢..)
] scalar quantity representing E or H field
® angular frequency, of the subcarrier waveform in analog transmission
(@, ), of the modulating signal in analog transmission (©,)
W, spot size of the fundamental mode
\Y% vector operator, Laplacian operator &)
A-D analog to digital CMOS complementary metal
a.c. alternating current oxide silicon
AGC automatic gain CNR carrier to noise ratio
control CPU central processing unit
AM amplitude modulation CSp channelled substrate
APD avalanche photodiode planar (injection laser)
ASK amplitude shift keying CcCw continuous wave or
BER bit error rate operation
BH buried heterostructure D-A digital to analog
(injection laser) dB decibel
BOD bistable optical device D-IM direct intensity modula-
CAM computer aided manu- tion
facture DBF distributed feedback (in-
CATV common antenna televi- jection laser)
sion DBR distributed Bragg reflec-
CCTV close circuit television tor (injection laser)
CDH constricted double d.c. direct current
heterojunction (injection DH double heterostructure or
laser) heterojunction (injection
CMI coded mark inversion laser or LED)
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xviii
DSB
EH

EMI
EMP

erf
erfc

FDM

LPE
MCVD

MESFET

MISFET

Nd:YAG

NRZ

OTDR

OVPO

PAM

PCM
PCS

GLOSSARY OF SYMBOLS AND ABBREVIATIONS

double sideband (ampli-
tude modulation)
traditional mode designa-
tion

electromagnetic inter-
ference

electromagnetic pulse
error function
complementary error
function

frequency division multi-
plexing

field effect transistor
frequency modulation
frequency shift keying
full width half power
high density bipolar
traditional mode designa-
tion

helium—neon (laser)
high frequency -

high voltage
intermediate frequency
injection laser diode
intensity modulation
integrated optics
input/output
intersymbol interference
local area network

light emitting diode
large optical cavity (in-
jection laser)

linearly polarized (mode
notation)

liquid phase épitaxy
modified chemical vapor
deposition

metal Schottky field
effect transistor

metal integrated-semi-
conductor field effect
transistor
neodymium-doped
yttrium—aluminum—
garnet (laser)

nonreturn to zero
optical time domain
reflectometry

outside vapor phase
oxidation

pulse amplitude modula-
tion

pulse code modulation
plastic-clad silica (fiber)

PCVD

PCW
PDF
PFM
PIN-FET
PM

PPM
PSK

PTT

PWM
RAPD

RFI

TJS

™
TTL

UHF
VAD
vCO
VHF
VPE
WDM

WKB

WPS

plasma-activated
chemical vapor deposi-
tion

plano-convex waveguide
(injection laser)
probability density func-
tion

pulse frequency modula-
tion

p—i—n photodiode fol-
lowed by a field effect
transistor

phase modulation

pulse position modulation
phase shift keying

Post, Telegraph and Tele-
communications

pulse width modulation
reach-through avalanche
photodiode

radio frequency inter-
ference

root mean square
relaxation oscillation
return to zero

surface acoustic wave
space division multi-
plexing

super high frequency
separated muiticlad layer
(injection laser)

signal to noise ratio

time division multiplexing
transverse electric
transverse electromag-
netic

transverse junction stripe
(injection laser)
transverse magnetic
transistor—transistor
logic

ultra high frequency
vapor axial deposition
voltage controlled oscil-
lator

very high frequency
vapor phase epitaxy
wavelength division multi-
plexing

Wentzel, Kramers, Bril-
louin (analysis tech-
nique) for graded fiber
wideband switch point
zenner diode
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Optical Fiber Systems

10.1 INTRODUCTION

The transfer of information in the form of light propagating within an optical
fiber requires the successful implementation of an optical fiber communication
system. This system, in common with all systems, is composed of a number of
discrete components which are connected together in a manner that enableg
them to perform a desired task. Hence, to achieve reliable and secure com-
munication using optical fibers it is essential that all the components within the
transmission system are compatible so that their individual performances, as
far as possible, enhance rather than degrade the overall system performance,

The principal components of a general optical fiber communication system
for either digital or analog transmission are shown in the system block
schematic of Fig. 10.1. The transmit terminal equipment consists of an infor-
mation encoder or signal shaping circuit preceding a modulation or electronic
driver stage which operates the optical source. Light emitted from the source is
launched into an optical fiber incorporated within a cable which constitutes the
transmission medium. The light emerging from the far end of the transmission
medium is converted back into an electrical signal by an optical detector
positioned at the input of the receive terminal equipment. This electrical signal
is then amplified prior to decoding or demodulation in order to obtain the
information originally transmitted.

The operation and characteristics of the optical components of this general
system have been discussed in some detail within the previous chapters.
However, to enable the successful incorporation of these components into an
optical fiber communication system it is necessary to consider the interaction
of one component with another, and then to evaluate the overall performance
of the system. Furthermore, to optimize the system performance for a given
application it is often helpful to offset a particular component characteristic by
trading it off against the performance of another component, in order to
provide a net gain within the overall system. The electronic components play
an important role in this context, allowing the system designer further choices
which, depending on the optical components utilized, can improve the system
performance.

386
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Information input Information output

Decoder/
demodulator

I

Encoder/
signal shaping circuit

1
I
|
1
1
1
|
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I
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Modulator/driver Electrical components Amplifier
1
|
S e e I = ===
]
Optical source 1| Transmission 1

I | medium: fiber

Optical components

]
|
Optical detector ]
]
|
|
I

Transmit terminal Receive terminal

L e T L ST S -4

Fig- 10.1 The principal components of an optical fiber communication system.

The purpose of this chapter is to bring together the important performance
characteristics of the individual system elements, and to consider their interac-
tion within optical fiber communication systems. It is intended that this will
provide guidance in relation to the various possible component configurations
which may be utilized for different system applications, whilst also giving an
insight into system design and optimization. Hence the optical components
and the associated electronic circuits will be discussed prior to consideration of
general system design procedures. Although the treatment is by no means
exhaustive, it will indicate the various problems involved in system design and
provide a description of the basic techniques and practices which may be
adopted to enable successful system implementation.

We commence in Section 10.2 with a discussion of the optical transmitter
circuit. This includes consideration of the source limitations prior to descrip-
tion of various LED and laser drive circuits for both digital and analog
transmission. In Section 10.3 we present a similar discussion for the optical
receiver including examples of preamplifier and main amplifier circuits.
General system design considerations are then dealt with in Section 10.4. This
is followed by a detailed discussion of digital systems commencing with an
outline of the operating principles of pulse code modulated (PCM) systems in
Section 10.5 before continuing to consider the various aspects of digital optical
fiber systems in Section 10.6. Analog optical fiber systems are then dealt with
in Section 10.7 where the various possible analog modulation techniques are
described and analyzed. Finally, we conclude in Section 10.8 with a brief
account of coherent optical fiber systems which are currently attracting much
interest.

Ex. 1017.21



388 OPTICAL FIBER COMMUNICATIONS: PRINCIPLES AND PRACTICE

10.2 THE OPTICAL TRANSMITTER CIRCUIT

The unique properties and characteristics of the injection laser and the light
emitting diode (LED) which make them attractive sources for optica] fiber
communications were discussed in Chapters 6 and 7.

Although both device types exhibit a number of similarities in terms of their
general performance and compatibility with optical fibers, striking differences
exist between them in relation to both system application and transmitte,
design. It is useful to consider these differences, as well as the limitationg of
the two source types, prior to discussion of transmitter circuits for Varioyg
applications.

10.2.1 Source Limitations

10.2.1.1  Power

The electrical power required to operate both injection lasers and LEDg
is generally similar with typical current levels of between 20 and 300 mA
(certain laser thresholds may be substantially higher than this—of the order of
1-2 A), and voltage drops across the terminals of 1.5-2.5 V. However, the
optical output power against current characteristic for the two devices varies
considerably, as indicated in Fig. 10.2. The injection laser is a threshold device
which must be operated in the region of stimulated emission (i.e. above the
threshold) where continuous optical output power levels are typically in the
range 1-10 mW.

Much of this light output may be coupled into an optical fiber because the
isotropic distribution of the narrow linewidth, coherent radiation is relatively
directional. In addition the spatial coherence of the laser emission allows it to
be readily focused by appropriate lenses within the numerical aperture of the

Light
output
(mW) 1Op

_r__,.-Lmr

LED.

|
|
|
|
!
|
|
|
1
i
]
]
L !
I 300 400
L Current (mA)

Linear region suitable
for analog modulation

Fig. 10.2 Light output (power) emitted into air as a function of d.c. drive current fo.r.a
typical high radiance LED and for a typical injection laser. The curves exhibit
nonlinearity at high currents due to junction heating.
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fiber. Coupling efficiencies near 30% may be obtained by placing a fiber close
to a laser mirror, and these can approach 80% with a suitable lens arrange-
ment [Refs. 1 and 2]. Therefore injection lasers are capable of launching
petween 0.5 and several milliwatts of optical power into a fiber.

LEDs are capable of similar optical output power levels to injection lasers
depending on their structure and quantum efficiency as indicated by the typical
characteristic for a surface emitter shown in Fig. 10.2. However, the spon-
taneous emission of radiation over a wide linewidth from the LED generally
exhibits a Lambertian intensity distribution which gives poor coupling into
optical fibers. Consequently only between 1 and perhaps 10% (using a good
edge emitter) of the emitted optical power from an LED may be launched into
2 multimode fiber, even with appropriate lens coupling (see Section 7.3.4).
These considerations translate into optical power levels from a few to several
hundred microwatts launched into individual multimode fibers. Thus the
optical power coupled into a fiber from an LED can be 10-20 dB below that
obtained with a typical injection laser. The power advantage gained with the
injection laser is a major factor in the choice of source, especially when con-
sidering a long-haul optical fiber link.

10.2.1.2  Linearity

Linearity of the optical output power against current characteristic is an
important consideration with both the injection laser and LED. It is especially
pertinent to the design of analog optical fiber communication systems where
source nonlinearities may cause severe distortion of the transmitted signal. At
first sight the LED may appear to be ideally suited to analog transmission as
its output is approximately proportional to the drive current. However, most
LEDs display some degree of nonlinearity in their optical output against
current characteristic because of junction heating effects which may either
prohibit their use, or necessitate the incorporation of a linearizing circuit within
the optical transmitter. Certain LEDs (e.g. etched well surface emitters) do
display good linearity, with distortion products (harmonic and intermodula-
tion) between 35 and 45 dB below the signal level [Refs. 3 and 4].

An alternative approach to obtaining a linear source characteristic is to
operate an injection laser in the light-generatinig region above its threshold, as
indicated in Fig. 10.2. This may prove more suitable for analog transmission
than would the use of certain LEDs. However, gross nonlinearities due to
mode instabilities may occur in this region. These are exhibited as kinks in the
laser output characteristic (see Section 6.5.3). Therefore many of the multi-
mode injection lasers have a limited use for analog transmission without
additional linearizing circuits within the transmitter, although some of the
single mode structures have demonstrated linearity suitable for most analog
applications. Alternatively, digital transmission, especially utilizing a binary
(2 level) format, is far less sensitive to source nonlinearities and is therefore
often preferred when using both injection lasers and LEDs.
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10.2.1.3 Thermal

The thermal behavior of both injection lasers and LEDs can limit their operg.
tion within the optical transmitter. However, as indicated in Section 6.9 ] the
variation of injection laser threshold current with the device: junctiop
temperature can cause a major operating problem. Threshold currents of
typical AlGaAs devices increase by approximately 1% per degree centigrage
increase in junction temperature. Hence any significant increase in the junctio,
temperature may cause loss of lasing and a subsequent dramatic reduction iy
the optical output power. This limitation cannot usually be overcome by
simply cooling the device on a heat sink, but must be taken into account Within
the transmitter design, through the incorporation of optical feedback, in order
to obtain a constant optical output power level from the device.

The optical output from an LED is also dependent on the device junction
temperature as indicated in Section 7.4.2. Most LEDs exhibit a decrease ip
optical output power following an increase in junction temperature, which is
typically around —1% per degree centigrade. This thermal behavior, however,
although significant is not critical to the operation of the device due to its lack
of threshold. Nevertheless this temperature dependence can result in a varia-
tion in optical output power of several decibels over the temperature range
0-70 °C. It is therefore a factor within system design considerations which, if
not tolerated, may be overcome by providing a circuit within the transmitter
which adjusts the LED drive current with temperature.

10.2.1.4 Response

The speed of response of the two types of optical source is largely dictated by
their respective radiative emission mechanisms. Spontaneous emission from
the LED is dependent on the effective minority carrier lifetime in the semi-
conductor material (see Section 7.4.3). In heavily doped (10'¥—10"° per cm?®)
gallium arsenide this is typically between 1 and 10 nanoseconds. However, the
response of an optical fiber source to a current step input is often specified in
terms of the 10-90% rise time, a parameter which is reciprocally related to the
device frequency response (see Section 10.6.5). The rise time of the LED is at
least twice the effective minority carrier lifetime, and often much longer
because of junction and stray capacitance. Hence, the rise times for currently
available LEDs lie between 2 and 50 nanoseconds, give 3 dB bandwidths of
around 7 to at best 175 MHz. Therefore LEDs are inherently restricted to
lower bandwidth applications, although suitable drive circuits can maximize
their bandwidth capabilities (i.e. reduce rise times).

Stimulated emission from injection lasers occurs over a much shorter period
giving rise times of the order of 0.1-1 ns, thus allowing 3 dB bandwidths above
1 GHz. However, injection laser performance is limited by the device switch-
on delay (see Section 6.9.2). To achieve the highest speeds it is therefore
necessary to minimize the switch-on delay. Transmitter circuits which prebias
the laser to just below or just above threshold in conjunction with high speed
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drive currents which take the device well above threshold, prove useful in the
reduction of this limitation.

10.2.1.6  Spectral Width
The finite spectral width of the optical source causes pulse broadening due to
material dispersion on an optical fiber communication link. This results in a
[imitation on the bandwidth—length product which may be obtained using a
particular source and fiber. The incoherent emission from an LED usually
displays a spectral linewidth of between 20 and 50 nm (full width at half power
(FWHP) points) when operating in the 0.8—-0.9 um wavelength range. This
limits the bandwidth—length product with a silica fiber to around 100 and
160 MHz km at wavelengths of 0.8 and 0.9 um respectively. Hence the overall
system bandwidth for an optical fiber link over several kilometers may be
restricted by material dispersion rather than the response time of the source.
The problem may be alleviated by working at a longer wavelength where the
material dispersion in high silica fibers approaches zero (i.e. near 1.3 um, see
Section 3.8.1). In this region the source spectral width is far less critical and
bandwidth—length products of 1 GHz km may be obtained using LEDs.
Alternatively, an optical source with a narrow spectral linewidth may be
utilized in place of the LED. The coherent emission from an injection laser
generally has a linewidth of 1 nm or less (FWHP). Use of the injection laser
greatly reduces the effect of material dispersion within the fiber, giving band-
width—length products of 1 GHz km at 0.8 uym, and far higher at longer
wavelengths. Hence, the requirement for a system operating at a particular
bandwidth over a specific distance will influence both the choice of source and
operating wavelength.

10.2.2 LED Drive Circuits

Although the LED is somewhat restricted in its range of possible applications
in comparison with the more powerful, higher speed injection laser, it is
generally far easier to operate. Therefore in this section we consider some of
the circuit configurations that may be used to convert the information voltage
signal at the transmitter into a modulation current suitable for an LED source.
In this context it is useful to discuss circuits for digital and analog transmission
independently.

10.2.2.1  Digital Transmission

The operation of the LED for binary digital transmission requires the
switching on and off of a current in the range of several tens to several
hundreds of milliamperes. This must be performed at high speed in response to
logic voltage levels at the driving circuit input. A common method of achieving
this current switching operation for an LED is shown in Fig. 10.3. The circuit
illustrated uses a bipolar transistor switch operated in the common emitter
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Fig. 10.3 A simple drive circuit for binary digital transmission consisting of a common
emitter saturating switch.

mode. This single stage circuit provides current gain as well as giving only a
small voltage drop across the switch when the transmitter is in saturation (i.e.
when the collector—base junction is forward biassed, the emitter to collector
voltage Vg (sat) is around 0.3 V).

The maximum current flow through the LED is limited by the resistor R,
whilst independent bias to the device may be provided by the incorporation of
resistor R;. However, the switching speed of the common emitter configura-
tion is limited by space charge and diffusion capacitance; thus bandwidth is

+Vee

|

LI

Ve

Fig. 10.4 Low impedance drive circuit consisting of an emitter follower with compensat-
ing matching network [Ref. 5].
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traded for current gain. This may, to a certain extent, be compensated by over-
driving (pre-emphasizing) the base current during the switch-on period. In the
circuit shown in Fig. 10.3 pre-emphasis is accomplished by use of the speed up
capacitor C.

Increased switching speed may be obtained from an LED without a pulse
shaping or speed up element by use of a low impedance driving circuit,
whereby charging of the space charge and diffusion capacitance occurs as
rapidly as possible. This may be achieved with the emitter follower drive circuit
shown in Fig. 10.4 [Ref. 5]. The use of this configuration with a compensating
matching network (R;C) provides fast direct modulation of LEDs with
relatively low drive power. A circuit, with optimum values for the matching
network, is capable of giving optical rise times of 2.5 ns for LEDs with
capacitance of 180 pF, thus allowing 100 Mbits s' operation [Ref. 6.

Another type of low impedance driver is the shunt configuration shown in
Fig. 10.5. The switching transistor in this circuit is placed in parallel with the
LED providing a low impedance path for switching off the LED by shunting
current around it. The switch-on performance of the circuit is determined by
the combination of resistor R and the LED capacitance. Stored space charge
may be removed by slightly reverse biassing the LED when the device is
switched off. This may be achieved by placing the transistor emitter potential
Vee below ground. In this case a Schottky clamp (shown dotted) may be
incorporated to limit the extent of the reverse bias without introducing any
extra minority carrier stored charge into the circuit.

A frequent requirement for digital transmission is the interfacing of the LED
drive circuit with a common logic family as illustrated in the block schematic
of Fig. 10.6(a). In this case the logic interface must be considered along with
possible drive circuits. Compatibility with TTL may be achieved by use of
commercial integrated circuits as shown in Figs. 10.6(b) and (c). The con-
figuration shown in Fig. 10.6(b) uses a Texas Instruments’ 745140 line driver

o
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Fig. 10.5 Low impedance drive circuit consisting of a simple shunt configuration.
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:)"T‘:Tt Logic interface %
LED ff/
(a) =
SV

s

[11]

745140 1l
Line driver "C‘

(b)

SV

T | 27

75451

(c)

Fig. 10.6 Logic interfacing for digital transmission: {(a) block schematic showing the
interfacing of the LED drive circuit with logic input levels; (b) a simple TTL
compatible LED drive circuit employing a Texas Instruments’ 745140 line
driver [Ref. 7]; (c) a TTL compatible shunt drive circuit using a commercially
available integrated circuit [Ref. 7].

which provides a drive current of around 60 mA to the LED when R, is 50 Q.
Moreover, the package contains two sections which may be connected in
parallel in order to obtain a drive current of 120 mA. The incorporation of a
suitable speed up capacitor (e.g. C =47 pF) gives optical rise times of around
5 ns when using LEDs with between 150 and 200 pF capacitance [Ref. 71.
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Figure 10.6(c) illustrates the shunt configuration using a standard TTL 75451
integrated circuit. The rise time of this shunt circuit may be improved through
maintenance of charge on the LED capacitance by placing a resistor between
the shunt switch collector and the LED [Ref. 7].

An alternative important drive circuit configuration is the emitter coupled
circuit shown in Fig. 10.7 [Ref. 7]. The LED acts as a load in one collector so
that the circuit provides current gain and hence a drive current for the device.
Thus the circuit resembles a linear differential amplifier, but it is operated
outside the linear range and in the switching mode. Fast switching speeds may
be obtained due to the configuration’s nonsaturating characteristic which
avoids switch-off time degradations caused by stored charge accumulation on
the transistor base region. The lack of saturation also minimizes the base drive
requirements for the transistors thus preserving their small signal current gain.
The emitter coupled driver configuration shown in Fig. 10.7 is compatible with
commercial emitter coupled logic (ECL). However, to achieve this com-
patibility the circuit includes two level shifting transistors which give ECL
levels (high —0.8 V, low —1.8 V) when the positive terminal of the LED is at
earth potential. The response of this circuit is specified [Ref. 7] at up to
50 Mbit 57!, with a possible extension to 300 Mbit s™! when using a faster ECL
logic family and high speed transistors. The emitter coupled drive circuit con-
figuration may also be interfaced with other logic families, and a TTL com-
patible design is discussed in Ref. 8.

10.2.2.2 Analog Transmission

For analog transmission the drive circuit must cause the light output from an
LED source to follow accurately a time-varying input voltage waveform in

%l]lﬂ

>

1 LED
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196 2 33000 Z3000 S1960

200 nﬁ

Fig. 10.7 An emitter coupled drive circuit which is compatible with ECL logic [Ref. 7].
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both amplitude and phase. Therefore, as indicated previously, it is [mportam
that the LED output power responds linearly to the input voltage or current,
Unfortunately, this is not always the case because of inherent nonlmear::ms
within LEDs which create distortion products on the signal. Thus the LEp
itself tends to limit the performance of analog transmission systems unless syj.
able compensation is incorporated into the drive circuit. However, unlegg
extremely low distortion levels are required, simple transistor drive circyitg
may be utilized.

Two possible high speed drive circuit configurations are illustrated jp
Fig. 10.8. Figure 10.8(a) shows a driver consisting of a common emitter
transconductance amplifier which converts an input base voltage into 4
collector current. The circuit is biassed for a class A mode of operation with
the quiescent collector current about half the peak value. A similar trang.
conductance configuration which utilizes a Darlington transistor pair in order
to reduce the impedance of the source is shown in Fig. 10.8(b). A circuit of this
type has been used to drive high radiance LEDs at frequencies of 70 MH;
[Ref. 9].

Another simple drive circuit configuration is shown in Fig. 10.9. It consists
of a differential amplifier operated over its linear region which directly
modulates the LED. The LED operating point is controlled by a reference
voltage V.., whilst the current generator provided by the transistor 73 feeding
the differential stage (7', and 7,) limits the maximum current through the
device. The transimpedance of the driver is reduced through current series
feedback provided by the two resistors R; and R, which are normally assigned
equal values. Furthermore, variation between these feedback resistors can be
used to compensate for the transfer function of both the drive circuit and the
LED.

+Hp O

()

Fig. 10.8 Transconductance drive circuits for analog transmission: {a) common emitter
configuration; (b) Darlington transistor pair.
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Fig. 10.9 A differential amplifier drive circuit.

Although in many communication applications where a single analog signal
is transmitted certain levels of amplitude and phase distortion can be tolerated,
this is not the case in frequency multiplexed systems (see Section 10.4.2) where
a high degree of linearity is required in order to minimize interference between
individual channels caused by the generation of intermodulation products.
Also baseband video transmission of TV signals requires the maintenance of
extremely low levels of amplitude and phase distortion. For such applications
the simple drive circuits described previously are inadequate without some
form of linearization to compensate for both LED and drive circuit non-
linearities. A number of techniques have been reported [Ref. 10], some of
which are illustrated in Fig. 10.10. Figure 10.10(a) shows the complementary
distortion technique [Ref. 11] where additional nonlinear devices are included
in the system. It may take the form of predistortion compensation (before the
source drive circuit) or postdistortion compensation (after the receiver). This
approach has been shown [Ref. 12] to reduce harmonic distortion by up to
20 dB over a limited range of modulation amplitudes.

In the negative feedback compensation technique shown in Fig. 10.10(b),
the LED is included in the linearization scheme. The optical output is detected
and compared with the input waveform, the amount of compensation being
dependent on the gain of the feedback loop. Although the technique is straight-
forward, large bandwidth requirements (i.e. video) can cause problems at high
frequencies [Ref. 13].

The technique shown in Fig. 10.10(c) employs phase shift modulation for
selective harmonic compensation using a pair of LEDs with similar charac-
teristics [Ref. 14]. The input signal is divided into equal parts which are phase
shifted with respect to each other. These signals then modulate the two LEDs
giving a cancellation of the second and third harmonic with a 90° and 60°
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Fig. 10.10 Block schematics of some linearization methods for LED drive circuits:
(a) complementary distortion technique; (b) negative feedback compensation
technique; (c) selective harmonic compensation technique.
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phase shift respectively. However, although there is a high degree of distortion
cancellation, both harmonics cannot be reduced simultaneously.
Other linearization technigues include cascade compensation |Ref. 15], feed-

forward compensation [Ref. 16] and quasi-feedforward compensation | Refs.
17 and 18].

10.2.3 Laser Drive Circuits

A number of configurations described for use as LED drive circuits for both
digital and analog transmission may be adapted for injection laser applications
with only minor changes. The laser, being a threshold device, has somewhat
different drive current requirements from the LED. For instance, when digital
transmission is considered, the laser is usually given a substantial applied bias,
often referred to as prebias, in the off state. Reasons for biassing the laser near
but below threshold in the off state are:

(a) it reduces the switch-on delay and minimizes any relaxation oscillations;

(b) it allows easy compensation for changes in ambient temperature and
device ageing;

(c) it reduces the junction heating caused by the digital drive current since the
on and off currents are not widely different for most lasers.

Although biassing near threshold causes spontaneous emission of light in the
off state, this is not normally a problem for digital transmission because the

stimulated emission in the on state is generally greater by, at least, a factor of
10.

Ry —_I-c

Laser fJJ

Fig. 10.11 A shunt drive circuit for use with an injection laser.
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A simple laser drive circuit for digital transmission is shown in Fig, 10,11
This circuit is a shunt driver utilizing a field effect transistor (FET) to Pl'Ovich;

high speed laser operation. Sufficient voltage is maintained in series witl, the.
laser using the resistor R, and the compensating capacitor C such that the

FET is biassed into its active or pinch-off region. Hence for a particular inpyg
voltage ¥, (i.e. ¥gs) a specific amount of the total current flowing through g
is diverted around the laser leaving the balance of the current to flow througll,'
R, and provide the off state for the device. Using suitable gallium arsenide
MESFETs (see Section 9.5.1) the circuit shown in Fig. 10.11 has modulateq
lasers at rates in excess of 1 Gbits™' [Ref. 19]. '

An alternative high speed laser drive circuit employing bipolar transistors is
shown in Fig. 10.12 [Ref. 20]. This circuit configuration, again for digita
transmission, consists of two differential amplifiers connected in paralle]. The
input stage, which is ECL compatible, exhibits a 50 Q input impedance by yge
of an emitter follower 7 and a 50 Q resistor in parallel with the input, The
transistor 7, acts as a current source with the zener diode ZD adjusting the
signal level for ECL operation. The two differential amplifiers provide syf.
ficient modulation current amplitude for the laser under the control of g de.
control current Iy through the two emitter resistors Rg; and Rg,. I is
provided by an optical feedback control circuit to be discussed shortly. Finally,
a prebias current is applied to the laser from a separate current source. This
circuit when utilizing microwave transistors was operated with a return to zerg
digital format (see Section 3.7) at 1 Gbits™' [Ref. 20].

A major difference between the drive circuits of Figs. 10.11 and 10.12 is the
absence and use respectively of feedback control for adjustment of the laser

Yoo T ._:L._i

Laser

ECL input Cr————g n I
Prebiag current
509 ;;

d.c. return o————— Ry2

L

Yow
l=- ’1
¥, ©Drive control O Bias control

Fig. 10.12 An ECL compatible high speed laser drive circuit [Ref. 20].
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output level. For this reason it is unlikely that the shunt drive circuit of Fig.
10.11 would be used for a system application. Some form of feedback control
is generally required to ensure continuous laser operation because the device
lasing threshold is a sensitive function of temperature. Also the threshold level
tends to increase as the laser ages following an increase in internal device
Josses. Although lasers may be cooled to compensate for temperature varia-
tions, ageing is not so easily accommodated by the same process. However,
both problems may be overcome through control of the laser bias using a feed-
back technique. This may be achieved using low speed feedback circuits which
adjust the generally static bias current when necessary. For this purpose it is
usually found necessary to monitor the light output from the laser in order to
keep some aspect constant.

Several strategies of varying complexity are available to provide automatic
output level control for the laser. The simplest and perhaps most common
form of laser drive circuit incorporating optical feedback is the mean power
control circuit shown in Fig. 10.13. Often the monitor detector consists of a
cheap, slow photodiode positioned next to the rear face of the laser package as
indicated in Fig. 10.13. Alternatively, an optical coupler at the fiber input can
be used to direct some of the radiation emitted from the laser into the monitor
photodiode. The detected signal is integrated and compared with a reference
by an operational amplifier which is used to servo-control the d.c. bias applied
to the laser. Thus the mean optical power is maintained constant by varying
the threshold current level. This technique is suitable for both digital and
analog transmission.

An alternative control method for digital systems which offers accurate
threshold tracking and very little device dependence is the switch-on delay
technique illustrated in Fig. 10.14 [Ref. 24]. This circuit monitors the switch-
on delay of an optical pulse in order to control the laser bias current. The
switch-on delay is measured for a zero level set below threshold and the feed-

L

Set
P mean

Monitor
photodiode

T_' =

Fig. 10.13 Mean power feedback circuit for control of the laser bias current.
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Data Pulse
- drive
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photodiode A m
Bias
circuit

Fig. 10.14 Switch-on delay feedback laser control circuit [Ref. 24].

back is set to a constant fixed delay to control it. Hence, the circuit provides a
reference signal proportional to the delay period. This signal is used to control
the bias level. The technique requires a fast monitor photodiode as well as a
wideband amplifier to allow measurement of the small delay periods. It is also
essential that the zero level is set below the lasing threshold because the feed-
back loop will only stabilize for a finite delay (i.e. the delay falls to zero at the
threshold).

A major disadvantage, however, with just controlling the laser bias current
is that it does not compensate for variations in the laser slope efficiency. The
modulation current for the device is preset and does not take into account any
slope changes with temperature and ageing. In order to compensate for such
changes, the a.c. and d.c. components of the monitored light output must be
processed independently. This is especially important in the case of high bit
rate digital systems where control of the on and off levels as well as the light
level is required. A circuit which utilizes both a.c. and d.c. information in the
laser output to control the device drive current and bias independently is
shown in Fig. 10.15 [Ref. 20]. The electrical output from the monitor
photodiode is fed into a low drift d.c. amplifier A/ and into a wideband
amplifier A2. Therefore the mean value of the laser output power P, (ave) is
proportional to the output from A/ whilst the a.c. content of the monitoring
signal is peak detected after the amplifier 42. The peak signals correspond to
the maximum P, (max) and the minimum P, (min) laser output powers within a
certain time interval. The difference signal proportional to (P, (max) — P, (min))
is acquired in 43 and compared with a drive reference voltage in order to
control the current output from A4 and consequently the laser drive current. In
this way the modulation amplitude of the laser is controlled. Control of the
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Fig. 10.15 A laser feedback control circuit which uses a.c. and d.c. information in the
monitored light output to control the laser drive and bias currents
independently [Ref. 20].

laser bias current is achieved from the difference between the output signal of
Al (P.(ave)) and P.(min) which is acquired in 45. The output voltage of 45
which is proportional to P,(min) is compared with a bias reference voltage in
A6 which supplies a current output to control the laser d.c. bias. This feedback
control circuit was designed for use with the laser drive circuit shown in Fig.
10.12 to give digital operation at bit rates in the gigahertz range.

10.3 THE OPTICAL RECEIVER CIRCUIT

The noise performance for optical fiber receivers incorporating both major
detector types (the p—i—n and avalanche photodiode) was discussed in Chapter
9. Receiver noise is of great importance within optical fiber communications as
it is the factor which limits receiver sensitivity and therefore can dictate the
overall system design. It was necessary within the analysis given in Chapter 9
to consider noise generated by electronic amplification (i.e. within the pre-
amplifier) of the low level signal as well as the noise sources associated with the
optical detector. Also the possible strategies for the configuration of the pre-
amplifier were considered (see Section 9.4) as a guide to optimization of the
receiver noise performance for a particular application. In this section we
extend the discussion to consider different possible circuit arrangements which
may be implemented to achieve low noise preamplification as well as further
amplification (main amplification) and processing of the detected optical
signal.

A block schematic of an optical fiber receiver is shown in Fig. 10.16.
Following the linear conversion of the received optical signal into an electrical
current at the detector, it is amplified to obtain a suitable signal level. Initial
amplification is performed in the preamplifier circuit where it is essential that
additional noise is kept to a minimum in order to avoid corruption of the
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= : Main " = .
— Preamplifier f—{ amplifier |1 Equalizer Filter _.._____Oulpm

Optical Optical
sighal detector

Fig. 10.16 Block schematic showing the major elements of an optical fiber receive
r,

received signal. As noise sources within the preamplifier may be dominant, ji
configuration and design are major factors in determining the receiver
sensitivity. The main amplifier provides additional low noise amplification of
the signal to give an increased signal level for the following circuits,
Although optical detectors are very linear devices and do not themselveg
introduce significant distortion onto the signal, other components within the
optical fiber communication system may exhibit nonlinear behavior, For
instance, the received optical signal may be distorted due to the dispersiye
mechanisms within the optical fiber. Alternatively the transfer function of e
preamplifier—-main amplifier combination may be such that the input signa|
becomes distorted (especially the case with the high impedance front end pre-
amplifier). Hence, to compensate for this distortion and to provide a suitable
signal shape for the filter, an equalizer is often included in the receiver. It may

precede or follow the main amplifier, or may be incorporated in the functions

of the amplifier and filter. In Fig. 10.16 the equalizer is shown as a separate
element following the amplifier and preceding the filter.

The function of the final element in the receiver, the filter, is to maximize the
received signal to noise ratio whilst preserving the essential features of the
signal. In digital systems the function of the filter is primarily to reduce
intersymbol interference, whereas in analog systems it is generally required to
hold the amplitude and phase response of the received signal within certain
limits. The filter is also designed to reduce the noise bandwidth as well as in-
band noise levels.

Finally, the general receiver consisting of the elements depicted in Fig. 10.16
is often referred to as a linear channel because all operations on the received
optical signal may be considered to be mathematically linear.

10.3.1 The Preamplifier

The choice of circuit configuration for the preamplifier is largely dependent
upon the system application. Bipolar or field effect transistors (FETs) can be
operated in three useful connections. These are the common emitter or source,
the common base or gate, and the emitter or source follower for the bipolar
and field effect transistors respectively. Each connection has characteristics
which will contribute to a particular preamplifier configuration. It is therefore
useful to discuss the three basic preamplifier structures (low impedance, high
impedance and transimpedance front end) and indicate possible choices of
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transistor connection. In this context the discussion is independent of the type
of optical detector utilized. However, it must be noted that there are a number
of significant differences in the performance characteristics between the p—i—n
and avalanche photodiode (see Chapter 8) which must be considered within
the overall design of the receiver.

The simplest preamplifier structure is the low input impedance voltage
amplifier. This design is usually implemented using a bipolar transistor con-
figuration because of the high input impedance of FETs. The common emitter
and the grounded emitter (without an emitter resistor) amplifier shown in Fig.
10.17 are favored connections, as they may be designed with reasonably low
input impedance and therefore give operation over a moderate bandwidth
without the need for equalization. However, this is achieved at the expense of I
increased thermal noise due to the low effective load resistance presented to the
detector. Nevertheless it is possible to reduce the thermal noise contribution of |
this preamplifier by choosing a transistor with characteristics which give a
high current gain at a low emitter current in order to maintain the bandwidth ‘
of the stage. Also an inductance may be inserted at the collector to provide |
partial equalization for any integration performed by the stage. The alternative |
connection giving very low input impedance is the common base circuit.

Unfortunately this configuration has an input impedance which gives
insufficient power gain when connected to the high impedance of the optical
detector.

The preferred preamplifier configurations for low noise operation use either |
a high impedance integrating front end or a transimpedance amplifier (see Sec-
tions 9.4.2 and 9.4.3). Careful design employing these circuit structures can
facilitate high gain coupled with low noise performance and therefore

O +Vpe

p—i—n photodiode T ————0¥,,

Wi
AAA

Fig. 10.17 A p—i—n photodiode with a grounded emitter, low input impedance voltage
preamplifier.
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enhanced receiver sensitivity. Although the bipolar transistor incorporateq in
the emitter follower circuit may be used to realize a high impedance front end
amplifier, the FET is generally employed for this purpose because of jts low
noise operation. It was indicated in Section 9.5 that the grounded source FET
connection was a useful circuit to provide a high impedance front end
amplifier. The same configuration with a source resistor (common source oy
nection) shown in Fig. 10.18 provides a similar high input impedance and may
also be used (often both configurations are referred to as the common source
connection). When operating in this mode the FET power gain and output
impedance are both high, which tends to minimize any noise contributiong
from the following stages. It is especially the case when the voltage gain of the
common source stage is minimized in order to reduce the Miller capacitance
[Ref. 27] associated with the gate to drain capacitance of the FET. This may be
achieved by following the common source stage with a stage having a low
input impedance.

Two configurations which provide a low input impedance stage are shown
in Fig. 10.19. Figure 10.19(a) shows the grounded source FET followed by a
bipolar transistor in the common emitter connection with shunt feedback over
the stage. Another favored configuration to reduce Miller capacitance in the
first stage FET is shown in Fig. 10.19(b). In this case the second stage consists
of a bipolar transistor in the common base configuration which, with the initial
grounded source FET, forms the cascode configuration.

The high impedance front end structure provides a very low noise pre-
amplifier design but suffers from two major drawbacks. The first is with regard
to equalization which must generally be tailored to the amplifier in order to
compensate for distortion introduced onto the signal. Secondly, the high
input—impedance approach suffers from a lack of dynamic range which occurs

&

O+Vee
5 L—w
G
s

Fig. 10.18 An FET common source preamplifier configuration which provides high input
impedance for the p—i—n photodiode.
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Fig. 10.19 High input impedance preamplifier configurations: (a) grounded source FET
followed by common emitter connection with shunt feedback; (b) cascade
connection. The separate bias voltage indicates the use of either p—i—n or
avalanche photodiode.

because the charge on the input capacitance from the low frequency com-
ponents in the signal builds up over a period of time, causing premature satura-
tion of the amplifier at high input signal levels. Therefore although the circuits
shown in Fig. 10.19 are examples of possible high impedance integrating front
end amplifier configurations, similar connections may be employed with
overall feedback (to the first stage) to obtain a transimpedance preamplifier.

The transimpedance or shunt feedback amplifier finds wide application in
preamplifier design for optical fiber communications. This front end structure
which acts as a current—voltage converter gives low noise performance without
the severe limitations on bandwidth imposed by the high input impedance front
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Fig. 10.20 Transimpedance front end configurations: (a) bipolar transistor design [Refs.
28 and 29]: (b) FET front end and bipolar transistor cascade structure [Ref.
32].

end design. It also provides greater dynamic range than the high input
impedance structure. However, in practice the noise performance of the
transimpedance amplifier is not quite as good as that achieved with the high
impedance structure due to the noise contribution from the feedback resistor
(see Section 9.4.3). Nevertheless the transimpedance design incorporating a
large value of feedback resistor can achieve a noise performance which
approaches that of the high impedance front end.

Two examples of transimpedance front end configurations are shown in Fig.
10.20. Figure 10.20(a) illustrates a bipolar transistor structure consisting of a
common emitter stage followed by an emitter follower [Refs. 28 and 29] with
overall feedback through resistor R;. The output signal level from this
transimpedance pair may be increased by the addition of a second common
emitter stage [Ref. 30] after the emitter follower. This stage is not usually
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Fig- 10.21 A typical circuit for an operational amplifier transimpedance front end [Ref.
33].

included in the feedback loop. An FET front end transimpedance design is
shown in Fig. 10.20(b) [Ref. 32].

The circuit consists of a grounded source configuration followed by a
bipolar transistor cascade with feedback over the three stages. In this con-
figuration the bias currents for the bipolar stages and the feedback resistance
may be chosen to give good open loop bandwidth whilst making the noise con-
tribution from these stages negligible.

Finally, for lower-bandwidth, shorter-haul applications an FET operational
amplifier front end is often adequate [Ref. 33]. Such a transimpedance pre-
amplifier circuit which is generally used with a p—i—n photodiode is shown in
Fig. 10.21. The choice of the operational amplifier is dependent on the gain
versus bandwidth product for the device. In a simple digital receiver design all
that may be required in addition to the circuit shown in Fig. 10.21 is a logic
(e.g. TTL) interface stage following the amplifier.

10.3.2 Automatic Gain Contrel (AGC)

It may be noted from the previous section that the receiver circuit must
provide a steady reverse bias voltage for the optical detector. With a p—i-n
photodiode this is not critical and a voltage of between 5 and 80 V supplying
an extremely low current is sufficient. The avalanche photodiode requires a
much larger bias voltage of between 100 and 400 V which defines the mul-
tiplication factor for the device. An optimum multiplication factor is usuaily
chosen so that the receiver signal to noise ratio is maximized (see Section
9.3.3). The multiplication factor for the APD varies with the device
temperature (see Section 8.9.5) making provision of fine control for the bias
voltage necessary in order to maintain the optimum multiplication factor.
However, the multiplication factor can be held constant by some form of
automatic gain control (AGC). An additional advantage in the use of AGC is
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APD bias supply
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APD
&
T Amp. —0
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Fig. 10.22 Bias of an APD with a constant current source to provide simple AGC,

that it reduces the dynamic range of the signals applied to the preamplifier

giving increased optical dynamic range at the receiver input.

One method of providing AGC is simply to bias the APD with a constant

d.c. current source I,;,, as illustrated in Fig. 10.22. The constant current
source is decoupled by a capacitor C at all signal frequencies to prevent gain
modulation. When the mean optical input power is known, the mean current to
the APD is defined by the bias which gives a constant multiplication factor
(gain) at all temperatures. Any variation in the multiplication factor will
produce a variation in the charge on C, thus adjusting the biassing of the APD
back to the required multiplication factor. Therefore the output current from
the photodetector is only defined by the input current from the constant
current source, giving full automatic gain control. However, this simple AGC
technique is dependent on a constant, mean optical input power level, and takes
no account of dark current generated within the detector.

T*HV Comparator
/ Set pk—pk
High voltage output volts
regulator \ J

NN APD
——— 3= Output ‘l

A

Il

CE—
a,c, couple Peak detector

=

Fig. 10.23 Bias of an APD by peak detection and feedback to provide AGC.
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A more widely used method which allows for the effect of variations iy, the
detector dark current whilst providing critical AGC is to peak detect the ac.
coupled signal after suitable low noise amplification as shown in Fig, 10.23,
The signal from the final stage of the main amplifier is compared with a preset
reference level and fed back to adjust the high voltage bias supply in order tg
maintain a constant signal level, This effectively creates a constant currept
source with the dark current subtracted.

A further advantage of this technique is that it may also be used to provide
AGC for the main amplifier giving full control of the receiver gain.

A digital receiver circuit for an APD employing full AGC is shown in Fig,
10.24 [Ref. 34]. The APD is followed by a transimpedance preamplifie
employing bipolar transistors, the output of which is connected into a majy
amplifier consisting of a variable gain amplifier followed by a fixed gain
amplifier. The first stage of the main amplifier is provided by a dual gate FET
which gives a variable gain over a range of 20 dB. This variable gain amplifie
also incorporates two stages, each of which consist of an emitter coupled pair
with a gain variation of 14 dB. The following fixed gain amplifier gives a 2 vy
peak to peak signal to the low pass filter, the output of which is maintained at
1 V peak to peak by the AGC. Peak detection is provided in the AGC where
the signal level is compared with a preset reference prior to control of the gain
for both the APD and the main amplifier. The gain of the APD is controlled
via a simple d.c. to d.c. converter which supplies the bias from a low voltage
input, whereas the gain of the main amplifier is controlled by an input on the
dual gate FET front end. This circuit allows a gain variation of 26 and 47 dB
for the APD and the main amplifier respectively. The APD bias circuit is
designed to protect the device against possible excess power dissipation at very
high optical input power levels as well as excess power dissipation when there
is no optical input.

10.3.3 Equalizaticn

The linear channel provided by the optical fiber receiver is often required to
perform equalization as well as amplification of the detected optical signal. In
order to discuss the function of the equalizer it is useful to assume the light
falling on the detector to consist of a series of pulses given by:

+co

Po(t)=k5 a,h,(t— k) (10.1)

where £, (2) is the received pulse shape, @, = 0 or 1 corresponding to the binary
information transmitted and t is the pulse repetition time or pulse spacing. In
digital transmission t corresponding to the bit period, although the pulse length
does not necessarily fill the entire time period 1. For a typical optical fiber link,
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the received pulse shape is dictated by the transmitted pulse shape #,(f) and the
fiber impulse response A(¢) following:

hy(0) = h () * b (9) (10.2)

where * denotes convolution. Hence determination of the received pulse shape
requires knowledge of the fiber impulse response which is generally difficult to
characterize. However, it can be shown [Ref. 37} for fiber which exhibits mode
coupling, that the impulse response is close to a Gaussian shape in both the
time and frequency domain.

It is likely that the pulses given by Eq. (10.1) will overlap due to pulse
broadening caused by dispersion on the link giving intersymbol interference
(ISI). Following detection and amplification Eq. (10.1) may be written in terms
of a voltage v, (¢) as:

+00

IROE ,E aha(t—k7) (10.3)

where the response #,4 (¢) includes any equalization required to compensate for
distortion (e.g. integration) introduced by the amplifier. Therefore, although
there is equalization for degradations caused by the amplifier, distortion
caused by the channel and the resulting intersymbol interference is still
included in Ak, (£ - kt). The pulse overlap causing this intersymbol interference
may be reduced through the incorporation of a suitable equalizer with a fre-
quency response H,,(®) such that:

T o0} Hoy()
Hol) == 0F = Ha@

(10.4)

where A, (f) is the desired output pulse shape and F indicates Fourier
transformation. A block diagram indicating the pulse shapes in the time and
frequency domains at the various points in an optical fiber system is shown in
Fig. 10.25.

An equalizer characterized by Eq. (10.4) will provide high trequency
enhancement in the linear channel to compensate for high frequency roll off in
the received pulses, thus giving the desired pulse shape. However, in order to
construct such an equalizer we require knowledge of %, (¢) and therefore A,(¢).
In turn this needs information on the fiber impulse response A:(f) which may not
be easily obtained.

Nevertheless the conventional transversal equalizer shown in Fig. 10.26
may be incorporated into the linear channel to keep ISI at tolerable levels, even
if it is difficult to design a circuit which gives the optimum system response
indicated in Eq. (10.4).

f
|

A
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Fig. 10.25 Block schematic of an optical fiber system illustrating the transmitted and
received optical pulse shapes together with electrical pulse shape at the
linear channel output.

The transversal equalizer consists of a delay line tapped at 1 second
intervals. Each tap is connected through a variable gain device with tap
coefficients ¢; to a summing amplifier. Intersymbol interference is reduced by
filtering the input signal and by the computing values for the tap cocfficients
which minimize the peak ISL It is likely that further reduction in ISI will be
accomplished using adaptive equalization which has yet to be rigorously
applied to optical fiber communications. This topic is discussed further in
Ref. 40.

Output

Fig. 10.26 The transversal equalizer employing a tapped delay line.
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10.4 SYSTEM DESIGN CONSIDERATIONS

Many of the problems associated with the design of optical fiber communica-
tion systems occur as a result of the unique properties of the glass fiber as a
transmission medium. However, in common with metallic line transmission
systems, the dominant design criteria for a specific application using either
digital or analog transmission techniques are the required transmission
distance and the rate of information transfer.

Within optical fiber communications these criteria are directly related to the
major transmission characteristics of the fiber, namely optical attenuation and
dispersion. Unlike metallic conductors where the attenuation (which tends to
be the dominant mechanism) can be adjusted by simply changing the con-
ductor size, entirely different factors limit the information transfer capability of
optical fibers (see Chapter 3). Nevertheless it is mainly these factors, together
with the associated constraints within the terminal equipment, which finally
limit the maximum distance that may be tolerated between the optical fiber
transmitter and receiver. Where the terminal equipment is more widely spaced
than this maximum distance, as in long-haul telecommunication applications,
it is necessary to insert repeaters at regular intervals as shown in Fig. 10.27.
The repeater incorporates a line receiver in order to convert the optical signal
back into the electrical regime where, in the case of analog transmission, it is
amplified and equalized (see Section 10.3.3) before it is retransmitted as an
optical signal via a line transmitter. When digital transmission techniques are
used the repeater also regenerates the original digital signal in the electrical
regime (a regenerative repeater which is often simply called a regenerator)
before it is retransmitted as a digital optical signal. In this case the repeater
may additionally provide alarm, supervision and engineering order wire
facilities.

The installation of repeaters substantially increases the cost and complexity
of any line communication system. Hence a major design consideration
for long-haul telecommunication systems is the maximum distance of
unrepeatered transmission so that the number of intermediate repeaters may

Power feed

—T—— - T = ——
Optical fibers
——l—] — - <t ——
Repeater Repeater
Terminal Terminal
equipment equipment

Fig. 10.27 The use of repeaters in a long-haul optical fiber communication system.
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be reduced to a minimum. In this respect optical fiber systems display =
marked improvement over alternative line transmission systems using Metallig
conductors. However, this major advantage of optical fiber t.:c)m!'mmit:atim-.s is
somewhat reduced due to the present requirement for electrical signal Process.
ing at the repeater. This necessitates the supply of electrical power to the inter.

mediate repeaters via metallic conductors as may be observed in Fig, 10.27

Before any system design procedures can be initiated it is essentia] that
certain basic system requirements are specified. These specifications include:

(a) transmission type: digital or analog;

(b) acceptable system fidelity generally specified in terms of the received BER
for digital systems or the received SNR and signal distortion for analog
systems;

(c) required transmission bandwidth;

(d) acceptable spacing between the terminal equipment or intermediate
repeaters;

(e) cost;

(f) reliability.

However, the exclusive use of the above specifications inherently assumes that
system components are available which will allow any system, once specified,
to be designed and implemented. Unfortunately this is not always the case,
especially when the desired result is a wideband, long-haul system. In this
instance it may be necessary to make choices by considering factors such as
availability, reliability, cost and ease of installation and operation, before
specifications (a)«(d) can be fully determined. A similar approach must be
adopted in lower-bandwidth, shorter-haul applications where there is a require-
ment for the use of specific components which may restrict the system perfor-
mance. Hence it is likely that the system designer will find it necessary to con-
sider the possible component choices in conjunction with the basic system
requirements.

10.4.1 Component Choice

The system designer has many choices when selecting components for an
optical fiber communication system. In order to exclude certain components at
the outset it is useful if the operating wavelength of the system is established
(i.e. shorter wavelength region 0.8-0.9 pm or longer wavelength region
1.1-1.6 um). This decision will largely be dictated by the overall requirements
for the system performance, the ready availability of suitable reliable com-
ponents, and cost. Hence the major component choices are:

(a) Optical fiber type and parameters. Multimode or single mode; size, reﬁ:ac-
tive index profile, attenuation, dispersion, mode coupling, strength, cabling,
jointing, etc.
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(b) Source type and characteristics. Laser or LED; optical power launched
into the fiber, rise and fall time, stability, etc.

(¢) Transmitter configuration. Design for digital or analog transmission; input
impedance, supply voltage, dynamic range, optical feedback, etc.

(d) Detector type and characteristics, p—n, p—i~n, or avalanche photodiode;
responsivity, response time, active diameter, bias voltage, dark current, etc.

(e) Receiver configuration. Preamplifier design (low impedance, high impe-
dance or transimpedance front end), BER or SNR, dynamic range, etc.

(f) Modulation and coding. Source intensity modulation; using pulse modula-
tion techniques for either digital (e.g. pulse code modulation, adaptive delta
modulation) or analog (pulse amplitude modulation, pulse frequency
modulation, pulse width modulation, pulse position modulation) transmis-
sion. Also encoding schemes for digital transmission such as biphase
(Manchester) and delay modulation (Miller) codes [Ref. 7]. Alternatively
analog transmission using direct intensity modulation or frequency modu-
lation of the electrical subcarrier (subcarrier FM). In the latter technique
the frequency of an electrical subcarrier is modulated rather than the fre-
quency of the optical source as would be the case with direct frequency
modulation. The electrical subcarrier, in turn, intensity modulates the
optical source (see Section 10.7.5).

Digital and analog modulation techniques which require coherent detec-
tion are under investigation but system components which will permit these
modulation methods to be utilized are not widely available (see Section
10.8).

Decisions in the above areas are interdependent and may be directly related to
the basic system requirements. The potential choices provide a wide variety of
economic optical fiber communication systems. However, it is necessary that
the choices are made in order to optimize the system performance for a
particular application.

10.4.2 Multiplexing

In order to maximize the information transfer over an optical fiber com-
munication link it is usual to multiplex several signals onto a single fiber. It is
possible to convey these multichannel signals by multiplexing in the electrical
time or frequency domain, as with conventional electrical line or radic com-
munication, prior to intensity modulation of the optical source. Hence, digital
pulse modulation schemes may be extended to multichannel operation by time
division multiplexing (TDM) narrow pulses from multiple modulators under
the control of a common clock. Pulses from the individual channels are
interleaved and transmitted sequentially, thus enhancing the bandwidth utiliza-
tion of a single fiber link.

Alternatively, a number of baseband channels may be combined by fre-
quency division multiplexing (FDM). In FDM the optical channel bandwidth

A
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is divided into a number of nonoverlapping frequency bands and each signal ;

assigned one of these bands of frequencies. The individual signals can bls
extracted from the combined FDM signal by appropriate electrical filterip 4
the receive terminal. Hence frequency division multiplexing is generally pe,
formed electrically at the transmit terminal prior to intensity modulation of a
single optical source. However, it is possible to utilize a number of o ti

sources each operating at a different wavelength on the single fiber link, In thig.

technique, often referred to as wavelength division multiplexing (W DM), the
separation and extraction of the multiplexed signals (i.e. wavelength separa.
tion) is performed with optical filters (e.g. interference filters, diﬂ'rac:ioﬁ
grating filters, or prism filters) [Ref. 41]. '
Finally, a multiplexing technique which does not involve the application of
several message signals onto a single fiber is known as space division mul-

tiplexing (SDM). In SDM each signal channel is carried on a separate fiber

within a fiber bundle or multifiber cable form. The good optical isolation
offered by fibers means that cross coupling between channels can be made
negligible. However, this technique necessitates an increase in the number of
optical components required (e.g. fiber, connectors, sources, detectors) within
a particular system and therefore is not widely used.

10.5 DIGITAL SYSTEMS

Most of the future expansion of the telecommunication network is being
planned around digital telephone exchanges linked by digital transmission
systems. The shift towards digitizing the network followed the introduction of
digital circuit techniques and, especially, integrated circuit technology which
made the transmission of discrete time signals both advantageous and
economic. Digital transmission systems generally give superior performance
over their analog counterparts as well as providing an ideal channel for data
communications and compatibility with digital computing techniques.

Optical fiber communication is well suited to baseband digital transmission
in several important ways. For instance, it offers a tremendous advantage with
regard to the acceptable signal to noise ratio (SNR) at the optical fiber receiver
over analog transmission by some 20-30dB (for practical systems) as
indicated in the noise considerations of Section 9.2. Also the use of baseband
digital signalling reduces problems involved with optical source (and some-
times detector) nonlinearities and temperature dependence which may severely
affect analog transmission. Therefore, most high capacity optical fiber com-
munication systems convey digital information in the baseband using intensity
modulation (IM) of the optical source.

In common with electrical transmission systems, analog signals (e.g. speech)
may be digitized for transmission utilizing pulse code modulation (PCM)-
Encoding the analog signal into a digital bit pattern is performed by initially
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sampling the analog signal at a frequency in excess of the Nyquist rate (i.e.
greater than twice the maximum signal frequency). Within the European
telecommunication network where the 3 dB telephone bandwidth is defined as
3.4 kHz, the sampling rate is 8 kHz. Hence, the amplitude of the constant
width sampling pulses varies in proportion to the sample values of the analog
signal giving a discrete time signal known as pulse amplitude modulation
(PAM) as indicated in Fig. 10.28. The sampled analog signal is then quantized
into a number of discrete levels, each of which are designated by a binary code
which provides the PCM signal. This process is also illustrated in Fig. 10.28
using a linear quantizer with eight levels (or seven steps) so that each PAM
sample is encoded into three binary bits. The analog signal is thus digitized and
may be transmitted as a baseband signal or alternatively be modulated by
amplitude, frequency or phase shift keying [Ref. 43]. However, in practical
PCM systems for speech transmission, nonlinear encoding (A law in Europe
and p law in North America) is generally employed over 128 levels (27) giving
eight binary bits per sample (seven bits for code levels plus one polarity bit).
Hence, the bandwidth requirement for PCM transmission is substantially
greater (in this case by a factor of approximately 16) than the corresponding
baseband analog transmission. This is not generally a problem with optical
fiber communications because of the wideband nature of the optical channel.

Nonlinear encoding may be implemented via a mechanism known as com-
panding where the input signal is compressed before transmission to give a
nonlinear encoding characteristic and expanded again at the receive terminal
after decoding. A typical nonlinear input—output characteristic giving com-
pression is shown in Fig. 10.29. Companding is used to reduce the quantiza-
tion error on small amplitude analog signal levels when they are encoded from
PAM to PCM. The quantization error (i.e. the rounding off to the nearest

Code levels
Analog
signal
T
i =
} . I. !
| 1 ! I
[ H
SR IR TR A S
Sampling i | 1 1 1 | |
pulses 5 7 6 3 1 0 2 Code number
T T T T T
101 111 110 011 001 000 Ol0 Binary representation
PAM J|-
J:I__. JUT 1L 1 N JL peM signal (NR2)

- "U'—H—H_'H—’:
Fig. 10.28 The quantization and encoding of an analog signal into PCM using a linear
quantizer with eight levels.
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Fig. 10.29 A typical nonlinear input—output characteristic which provides compression

discrete level) is exhibited as distortion or noise on the signal (often calleq
quantization noise). Companding tapers the step size, thus reducing the
distance between levels for small amplitude signals whilst increasing the
distance between levels for higher amplitude signals. This substantially reduces
the quantization noise on small amplitude signals at the expense of slightly
increased quantization noise, in terms of signal amplitude, for the larger signa|
levels. The corresponding SNR improvement for small amplitude signals sig-
nificantly reduces the overall signal degradation of the system due to the
quantization process.

A block schematic of a simplex (one direction only) baseband PCM system
is shown in Fig. 10.30(a). The optical interface is not shown but reference may
be made to Fig. 10.1 which illustrates the general optical fiber communication
system. It may be noted from Fig. 10.30(a) that the received PCM waveform is
decoded back to PAM via the reverse process to encoding, and then simply
passed through a low pass filter to recover the original analog signal.

The conversion of a continuous analog waveform into a discrete PCM
signal allows a number of analog channels to be time division multiplexed
(TDM) for simultaneous transmission down one optical fiber link as illustrated
in Fig. 10.30(b). The encoded samples from the different channels are
interleaved within the multiplexer to give a single composite signal consisting
of all the interleaved pulses. This signal is then transmitted over the optical
channel. At the receive terminal the interleaved samples are separated by a
synchronous switch or demultiplexer before each analog signal is recon-
structed from the appropriate set of samples. Time division multiplexing a
number of channels onto a single link can be used with any form of digital
transmission and is frequently employed in the transmission of data as well as
with the transmission of digitized analog signals. However, the telecommunica-
tion network is primarily designed for the transmission of analog speech
signals although the compatibility of PCM with data signals has encouraged
the adoption of digital transmission systems.
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Fig- 10.30 PCM transmission: {a) block schematic of a baseband PCM transmission |
system for single channel transmission; (b) time division multiplexing of three
PCM channels onto a single transmission link and subsequent demultiplexing
at the link output.

A current European standard for speech transmission using PCM on
metallic conductors (i.e. coaxial line) is the 30 channel system. In this system
the PAM samples from each channel are encoded into eight binary bits which
are incorporated into a single time slot. Time slots from respective channels are
interleaved (multiplexed) into a frame consisting of 32 time slots. The two
additional time slots do not carry encoded speech but signalling and synchro-
nization information. Finally, 16 frames are incorporated into a multiframe
which is a self-contained timing unit. The timing for this line signalling
structure is shown in Fig. 10.31 and calculated in example 10.1.

Example 10.1

The sampling rate for each speech channel on the 30 channel PCM system is 8 kHz
and each sample is encoded into eight bits. Determine:

(a) the transmission or bit rate for the system;
(b) the duration of a time slot;
(c) the duration of a frame and multiframe.

Solution: (a) The 30 channel PCM system has 32 time slots each eight bits wide
which make up a frame. Therefore,

number of bits in a frame = 32 x 8 = 256 bits

This frame must be transmitted within the sampling period and thus 8 x 10° frames

d
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are transmitted per second. Hence, the transmission rate for the system is:

8 x 10° x 256 = 2.048 Mbit s™'

(b) The bit duration is simply:

1
——=488ns
2.048 x 10®

Therefore, the duration of a time slot is:
8 x 488 ns = 3.9 ps

(c) The duration of a frame is thus:
32 x 3.9 ps = 125 ps

and the duration of a multiframe is:
16 x 125 us = 2 ms

The signalling structure shown in Fig. 10.31 applies to 30 channel PCM
systems which were originally designed to transmit over metallic conductorg

~| 488 ns|=
1 2 3] 4 5 6 7 8
| 3948
@)
39 us
o TSII Il = TS|17|3[
w —15 -
= 9 <]
! £ L1
125 ps

(b)

=125 psj=
Frames| 0 1 2 3 4 5 6 7 8 9 1w | 1| 12]13] 1415
2 .
[©)]
Fig. 10.31 The timing for the line signalling structure of the European standard 30
channel PCM system: {a) bits per time slot; {b) time slots per frame;

(c) frames per multiframe.
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Table 10.1  Digital bit rates for multichannel PCM transmission
transmission in Europe and North America

Europe North America

Telephone Bit rates Telephone Bit rates
channels Mbit s—? channels Mbit s~'
30 2.048 24 1.544
120 8.448 48 3.152
480 34.368 96 6.312
1920 139.364 672 44736
7680 565.000 4032 274.176

using a high density bipolar line code (HDB 3). The increased bandwidth with
optical fiber communications allows transmission rates far in excess of
2.048 Mbit s™' . Therefore an increased number of telephone channels may be
sampled, encoded, multiplexed and transmitted on an optical fiber link. In
Europe the increased bit rates were chosen as multiples of the 30 channel
system, whereas in North America they tend to be multiples of a 24 channel
system. These bit rates and the corresponding number of transmitted telephone
channels are specified in Table 10.1.

It must be noted that a bipolar code with a zero mean level (i.e. with positive
and negative going pulses in the electrical regime) such as HDB 3 cannot be
transmitted directly over an optical fiber link unless the mean level is raised to
allow both positive and negative going pulses to be transmitted by the intensity
modulated optical source. The resultant ternary (three level) optical transmis-
sion is not always suitable for telecommunication applications and therefore
binary coding after appropriate scrambling, biphase (Manchester encoding),
delay modulation (Miller encoding), etc., is often employed. This involves
additional complexity at the transmit and receive terminals as well as
necessitating extra redundancy (i.e. bits which do not contain the transmitted
information, thus giving a reduction in the information per transmitted symbol)
in the line code. This topic is considered in greater detail in Section 10.6.7.

10.6 DIGITAL SYSTEM PLANNING CONSIDERATIONS

The majority of digital optical fiber communication systems for the telecom-
munication network or local data applications utilize binary intensity modula-
tion of the optical source. Therefore we choose to illustrate the planning
considerations for digital transmission based on this modulation technique.
Baseband PCM transmission using source intensity modulation is usually
designated as PCM-IM.
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10.6.1 The Regenerative Repeater

In the case of the long-haul, high-capacity digital systems, the most importap,
overall system performance parameter is the spacing of the regeneratiye
repeaters. It is therefore useful to consider the performance of the digita]
repeater, especially as it is usually designed with the same optical componep, .
as the terminal equipment. Figure 10.32 shows the functional parts of a typical
regenerative repeater for optical fiber communications. The attenuated and
dispersed optical pulse train is detected and amplified in the receiver unit, Thjg
consists of a photodiode followed by a low noise preamplifier. The electricy)
signal thus acquired is given a further increase in power level in a main amp};-
fier prior to reshaping in order to compensate for the transfer characteristic of
the optical fiber (and the amplifier) using an equalizer. Depending on the
photodiode utilized, automatic gain control may be provided at this stage for
both the photodiode bias current and the main amplifier (see Section 10.3.2),

Accurate timing (clock) information is then obtained from the amplified ang
equalized waveform using a timing extraction circuit such as a ringing circuit
or phase locked loop. This enables precise operation of the following
regenerator circuit within the bit intervals of the original pulse train. The func-
tion of the regenerator circuit is to reconstitute the originally transmitted pulse
train, ideally without error. This can be achieved by setting a threshold above
which a binary one is registered, and below which a binary zero is recorded, as
indicated in Fig. 10.32. The regenerator circuit makes these decisions at times
corresponding to the center of the bit intervals based on the clock information
provided by the timing circuit.

Hence the decision times are usually set at the mid-points between the deci-
sion level crossings of the pulse train. The pulse train is sampled at a regular
frequency equal to the bit rate, and at each sample instant a decision is
made of the most probable symbol being transmitted. The symbols are
then regenerated in their original form (either a binary one or zero) before

Decision level - —] e =
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.
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i F—. cable
preamplifier _ " circuit for
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Timing
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Fig. 10.32 Block schematic showing a typical regenerative repeater for digital optical
fiber communications.
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retransmission as an optical signal using a source operated by an electronic
drive circuit. Hence the possible regeneration of an exact replica of the
originally transmitted waveform is a major advantage of digital transmission
over corresponding analog systems. Repeaters in analog systems filter,
equalize and amplify the received waveform, but are unable to reconstitute the
originally transmitted waveform entirely free from distortion and noise. Signal
degradation in long-haul analog systems is therefore accumulative being a
direct function of the number of repeater stages. In contrast the signal
degradation encountered in PCM systems is purely a function of the quantiza-
tion process and the system bit error rate.
Errors may occur in the regeneration process when:

{(a) The signal to noise ratio at the decision instant is insufficient for an
accurate decision to be made. For instance, with high noise levels, the
binary zero may occur above the threshold and hence be registered as a
binary one.

(b) There is intersymbol interference due to dispersion on the optical fiber link.
This may be reduced by equalization which forces the transmitted binary
one to pass through zero at all neighboring decision times.

(c) There is a variation in the clock rate and phase degradations (jitter) such
as distortion of the zero crossings and static decision time misalignment.

A method which is often used to obtain a qualitative indication of the perfor-
mance of a regenerative repeater or a PCM system is the examination of the
received waveform on an oscilloscope using a sweep rate which is a fraction.of
the bit rate. The display obtained over two bit intervals duration, which is the
result of superimposing all possible pulse sequences is called an eye pattern or
diagram. An illustration of an eye pattern for a binary system with little distor-
tion and no additive noise is shown in Fig. 10.33(a). It may be observed that
the pattern has the shape of a human eye which is open and that the decision
time corresponds to the center of the opening. To regenerate the pulse
sequence without error the eye must be open thereby indicating a decision area
exists, and the decision crosshair (provided by the decision time and the deci-
sion threshold) must be within this open area. The effect of practical degrada-
tions on the pulses (i.e. intersymbol interference and noise) is to reduce the size
of, or close, the eye as shown in Fig. 10.33(b). Hence for reliable transmission
it is essential that the eye is kept open, the margin against an error occurring
being the minimum distance between the decision crosshair and the edge of the
eye.

In practice, a low bit error rate (BER) in the region 107—-107"" may be
tolerated with PCM transmission. However, with data transmission (e.g. com-
puter communications) any error can cause severe problems, and it is
necessary to incorporate error detecting and possibly correcting circuits into
the regenerator. This invariably requires the insertion of a small amount of
redundancy into the transmitted pulse train (see Section 10.6.7).

1

L
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Fig. 10.33 Eye patterns in binary digital transmission: (a) the pattern obtained with a

bandwidth limitation but no additive noise (open eyel; (b} the patter
obtained with a bandwidth limitation and additive noise (partially closed eye)

Calculation of the possible repeater spacing must take account of the follow-
ing system component performances:

(a) The average optical power launched into the fiber based on the end of life
transmitter performance.

(b) The receiver input power required to achieve an acceptably low BER (e.g.
107°), taking into account component deterioration during the system’s
lifetime.

(c) The installed fiber cable loss, including jointing and coupling (to source
and detector) losses as well as the effects of ageing and from anticipated
environmental changes.

(d) The temporal response of the system including the effects of pulse disper-
sion on the channel. This becomes an important consideration with high bit
rate multimode fiber systems which may be dispersion limited.

These considerations are discussed in detail in the following sections.

10.6.2 The Optical Transmitter

The average optical power launched into the fiber from the transmitter
depends upon the type of source used and the required system bit rate as
indicated in Section 10.2.1. These factors may be observed in Fig. 10.34 [Ref.
45] which compares the optical power available from an injection laser and an
LED for transmission over a multimode fiber with a core diameter of 50 um
and a numerical aperture of 0.2. Typically the laser launches around 1 mW
whereas usually the LED is limited to about 100 uW. It may also be noted that
both device types emit less optical power at higher bit rates. However, the
LED gives reduced output at modulation bandwidths in excess of 50 MHz
whereas laser output is unaffected below 200 MHz. Also the fact that generally
the optical power which may be launched into a fiber from an LED even at
low bit rates is 10—15 dB down on that available from a laser is an important
consideration, especially when receiver noise is a limiting factor within the
system.
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Fig. 10.34 The average power launched into multimode optical fiber from typical injec-
tion lasers and LEDs as a function of digital bit rate (upper bands). Also
included in the lower band is the received optical power required for binary
NRZ pulses transmitted with a BER of 10~°. Reproduced with permission
from D.C. Gloge and T. Li, ‘Multimode-fiber technology for digital trans-
mission’, Proc. IEEE, 68, p. 1269, 1980. Copyright © 1980 IEEE.

10.6.3 The Optical Receiver

The input optical power required at the receiver is a function of the detector
combined with the electrical components within the receiver structure. It is
strongly dependent upon the noise (i.e. quantum, dark current and thermal)
associated with the optical fiber receiver. The theoretical minimum pulse
energy or quantum limit required to maintain a given BER was discussed in
Section 9.2.4.

It was predicted that approximately 21 incident photons were necessary at
an ideal photodetector in order to register a binary one with a BER of 107,
However, this is a fundamental limit which cannot be achieved in practice and
therefore it is essential that estimates of the minimum required optical input
power are made in relation to practical devices and components.

Although the statistics of quantum noise follow a Poisson distribution, other
important sources of noise within practical receivers (e.g. thermal) are
characterized by a Gaussian probability distribution. Hence estimates of the
required SNR to maintain particular bit error rates may be obtained using the
procedure adopted for error performance of electrical digital systems where
the noise distribution is considered to be white Gaussian. This Gaussian
approximation [Ref. 46] is sufficiently accurate for design purposes and is far
easier to evaluate than the more exact probability distribution within the
receiver [Ref. 47]. The receiver sensitivities calculated by using the Gaussian
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approximation are generally within 1 dB of those calculated by other
[Ref. 29].

Although the transmitted signal consists of two well-defined light leye)
the presence of noise the signal at the receiver is not as well defined. Thig ;
tion is shown in Fig. 10.35(a) which illustrates a binary signal in the prese
of noise. The signal plus the additive noise at the detector may be defineg
terms of the probability density functions (PDFs) shown in Fig. 10.35(1y
These PDFs describe the probability that the input current (or output voltage ;
has a value { (or v) within the incremental range di (or dv). The expected val
of the signal in the two transmitted states, namely 0 and 1, are indicateq
Po(x) and p,(x) respectively. When the additive noise is assumed to hay,
Gaussian distribution, the PDFs of the two states will also be Gaussian, T
Gaussian PDF which is continuous is defined by: "'

thog

i
by

1
px) = Jan

where m is the mean value and o the standard deviation of the distribution,
When p(x) describes the probability of detecting a noise current or voltage, ¢
corresponds to the rms value of that current or voltage.

If a decision threshold D is set between the two signal states as indicated in’
Fig. 10.35, signals greater than D are registered as a one and those less than )
as a zero. However, when the noise current (or voltage) is sufficiently large it
can either decrease a binary one to a zero or increase a binary zero to a one.
These error probabilities are given by the integral of the signal probabilities

exp ~{(e— m) /207 (103,

Lnput current or
output voltage (x)

Binary |

Decision threshold D

Bisary 0

Addilive noise

() (L)

Fig. 10.35 Binary transmission: (a) the binary signal with additive noise; (b] probability
density functions for the binary signal showing the decision case. P(0/1] s
the probability of falsely identifying a binary one and P{1/0) is the probability
of fatsely identifying a binary zero.
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outside the decision region. Hence the probability that a signal transmitted as a
1 is received as a 0, P(0/1), is proportional to the shaded area indicated in Fig.
10.35(b). The probability that a signal transmitted as a O is received as a 1,
P(1/0), is similarly proportional to the other shaded area shown in the figure. If
P(1) and P(0) are the probabilities of transmission for binary ones and zeros
respectively, then the total probability of error P(e) may be defined as:

P(e) = P(1)P(0/1) + P(0)P(1/0) (10.6)

Now let us consider a signal current i;, together with an additive noise
current iy and a decision threshold set at D = ij,. If at any time when a binary
1 is transmitted the noise current is negative such that:

Iy < —(igg — 1p) (10.7)

then the resulting current i;;, + iy will be less than i, and an error will occur.
The corresponding probability of the transmitted 1 being received as a 0 may
be written as:

P(0/1)=f'b P, i) di (10.8)
and following Eq. (10.5):
] (i— i)
P (x) —P(l, lsig) - (E}*\/(Zﬂ) €xXp — [ 2(&:) ] (109)
= Gsn [i, iy, ()] (10.10)

where i is the actual current, i, is the peak signal current during a binary 1
(this corresponds to the peak photocurrent I, when only a signal component is
present), and i% is the mean square noise current. Substituting Eq. (10.10) into
Eq. (10.8) gives:

P(O/1) = f ® Gnli igy, ()] di (10.11)

Similarly, the probability that a binary 1 will be received when a 0 is
transmitted is the probability that the received current will be greater than i, at
some time during the zero bit interval. It is given by:

P(1/0) :fw 2G,0) (10.12)
ip

Assuming the mean square noise current in the zero state is equal to the
mean square noise current in the one state (i) (this is an approximation if shot
noise is dominant), and that for a zero bit i;, = 0, then following Eq. (10.5):

|
I
|
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1 (i-0y
() =p(i,0)=——=————exp— | ———

Po(x) = p(i, 0) e P [ 2(;‘,2.,)] (10.13)

= Gsn [,0, ()] (10.14

Hence substituting Eq. (10.14) into Eq. (10.12) gives:
© SR
P(l/O):f Gsn [i, 0, (%) ] di (10.15)
ip

The integrals of Eqs. (10.11) and (10.15) are not readily evaluated byt may
be written in terms of the error function (erf)* where:

) u
erf (u) = 7‘;»[ exp (—z2)dz (10.16)
0
and the complementary error function is:
2 -0
erfc (u) =1 —erf (W)= 7-’ exp (—z?)dz (10.17)
TJ, .
Hence
1 Jfag =
PO/1)=— [l—erfc (——‘_-'F—D)]
( 2 Fy2
= Lerfc (l'f‘ﬂ_ﬁ.]. ) (10.18)
’ @R)V2
and

0—i .
P(1/0)y =1L erfc (ﬁ ) = lerfc ((';T:;_D‘/lz) (10.19)

If we assume that a binary code is chosen such that the number of
transmitted ones and zeros are equal, then P(0)=P(1)=1, and the net
probability of error is one half the sum of the shaded areas in Fig. 10.35(b).
Therefore Eq. (10.6) becomes:

P(e) = L[P(0/1) + P(1/0)] (10.20)

and substituting for P(0/1) and P(1/0) from Egs. (10.18) and (10.19) gives:

* Another form of the error function denoted by Erf is defined in problem 10.10.
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_i 1 |isis—iD| L _l_iD| ]
PO =3 [;erfc ((1—_N) A ) + perte ( T \/2) (1021)

Equation (10.21) may be simplified by setting the threshold decision level at
the mid-point between zero current and the peak signal current such that
ip = lse/2. In electrical systems this situation corresponds to an equal
minimum probability of error in both states due to the symmetrical nature of
the PDFs. It must be noted that for optical fiber systems this is not generally
the case since the noise in each signal state contains shot noise contributions
proportional to the signal level. Nevertheless assuming a Gaussian distribution
for the noise and substituting i, =i, /2 into Eq. (10.21) we obtain:

P(e):% ( lis /2| )+%erfc (|-4,,.g/2| )]

(N2 (CHRVE)
_1 'isig
= Lerfc (—2(E)J’ NG ) (10.22)

The electrical SNR at the detector may be written in terms of the peak
signal power to rms noise power (mean square noise current) as:
S i

—_—= -(10.23)
N

0 N
(3

Comparison of Eq. (10.23) with Eq. (10.22) allows the probability of error to
be expressed in terms of the analog SNR as:

)

Estimates of the required SNR to maintain a given error rate may be
obtained using the standard table for the complementary error function. A plot
of P(e) against % erfc (4) is shown in Fig. 10.36(a). This may be transposed
into the characteristic illustrated in Fig. 10.36(b) where the bit error rate which
is equivalent to the error probability P(e) is shown as a function of the SNR
following Eq. (10.24).

P(e)=terfc ( (10.24)

Example 10.2

Using the Gaussian approximation determine the required signal to noise ratios
(optical and electrical) to maintain a BER of 10~° on a baseband binary digital optical
fiber link. It may be assumed that the decision threshold is set midway between the
one and the zero level and that 2 x 10~° ~ erfc 4.24.

Solution: Under the above conditions, the probability of error is given by
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Eq. (10.24) where,

((SfNJ‘I' )
Ple) = ferfc =10"°

2y/2
Hence
({sm:* )
erfc =2x10"°
2y/2
and
(S/N)F
=424
2y/2
giving

(SIN)F = 424 x 2\/2 ~ 12

The optical SNR may be defined in terms of the peak signal current and rms noise
current as /gq/(ify)*. Therefore using Eq. (10.23):

i s\
. (—) =120r10.8dB
(AR N

The electrical SNR is defined by Eq. (10.23) as:

;2
U sig

S
—=—=1440r21.6dB
i N

These results for the SNRs may be seen to correspond to a bit error rate of 10~?
on the curve shown in Fig. 10.36(b).

However, the plot shown in Fig. 10.36(b) does not reflect the best possible
results, or those which may be obtained with an optimized receiver design. In
this case, if the system is to be designed with a particular BER, the appropriate
value of the error function is established prior tc adjustment of the parameter
values (signal levels, decision threshold level, avalanche gain, component
values, etc.) in order to obtain this BER [Ref. 48]. It is therefore necessary to
use the generalized forms of Eqgs. (10.18) and (10.19) where:

P(0/1) = Lerfe ('('12_“)—_\'/"2') (10.25)
NI

P(1/0) = Lerfc (l(if%:/wzi) (10.26)
NO

where i, and iy, are the signal currents, in the 1 and O states respectively,
and i%, and %, are the corresponding mean square noise currents which may
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Optical signal to noise ratio islg/(?%,ﬁ dB
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Error probability P(e)
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Fig. 10.36 (a) A plot of the probability of error Jerfc(u) against the argument of the error
function u. (b) The bit error rate as a function of both the ratio of peak signal
power to rms noise power (electrical SNR) and the ratio of peak signal
current to rms noise current (optical SNR) for binary transmission.

include both shot and thermal noise terms. Equations (10.25) and (10.26)
allow a more exact evaluation of the error performance of the digital optical
fiber system under the Gaussian approximation [Refs. 48 and 49].
Unfortunately this approach does not give a simple direct relationship between
the BER and the analog SNR the one shown in Eq. (10.24). Thus for estimates
of SNR within this text we will make use of the slightly poorer approximation
given by Eq. (10.24). Although this approximation does not give the correct
decision threshold level or optimum avalanche gain it is reasonably successful
at predicting bit error rate as a function of signal power and hence provides
realistic estimates of the number of photons required at a practical detector in
order to maintain given bit error rates.

For instance, let us consider a good avalanche photodiode receiver which
we assume to be quantum noise limited. Hence we ignore the shot noise con-
tribution from the dark current within the APD as well as the thermal noise
generated by the electronic amplifier. In practice this assumption holds when
the multiplication factor M is chosen to be sufficiently high to ensure that the
SNR is determined by photon noise rather than by electronic amplifier noise,
and the APD used has a low dark current. To determine the SNR for this ideal
APD receiver it is useful to define the quantum noise on the primary
photocurrent I, within the device in terms of shot noise following Eq. (9.8).
Therefore, the mean square shot noise current is given by:

i? = 2eBI,M? (10.27)

where e is the electronic charge and B is the post detection or effective noise
bandwidth. It may be observed that the mean square shot noise current t_g
given in Eq. (10.27) is increased by a factor M? due to avalanche gain in the
APD. However, Eq. (10.27) does not give the total noise current at the output
of the APD as there is an additional noise contribution from the random gain
mechanism. The excess avalanche noise factor incurred F (M) was discussed in

k.
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Section 9.3.4 and defined by Egs. (9.27) and (9.28). Equation (9.27) may be
simplified [Ref. 50] to give an expression for electron injection in the low fre.
quency limit of:

1
F(M)=kM + (2——1‘;) (1-k) (10.28)

where k is the ratio of the carrier ionization rates. Hence the excess avalanche
i noise factor may be combined into Eq. (10.27) to give a total mean square shot
noise current i2

iZ = 2eBIL, M*F(M) (10.29)

Furthermore, the avalanche multiplication mechanism raises the signg

|| current to M1, and therefore the SNR in terms of the peak signal power to rmg
noise power may be written as:

' S (ML) I

P

N 2eBIM*F(M) 2eBF(M) (10.30)

Now, if we let z,4 correspond to the average number of photons detected in
a time period of duration T,

=" (10.31)
T T

where z,, is the average number of photons incident on the APD and 7 is the
quantum efficiency of the device. Substituting for I, in Eq. (10.30) we have:

S Zy
N  2BtF(M)

(10.32)

Rearranging Eq. (10.32) gives an expression for the average number of
photons required within the signalling interval t to detect a binary one in terms
of the received SNR for the good APD receiver as:

_ ZBTI;(M) ( % )

A reasonable pulse shape obtained at the receiver in order to reduce

intersymbol interference has the raised cosine spectrum shown in Fig. 10.37.

The raised cosine spectrum for the received pulse gives a pulse response result-

ing in a binary pulse train passing through either full or zero amplitude at the

centers of the pulse intervals and with transitions passing through half

amplitude at points which are midway in time between pulse centers. For

\ raised cosine pulse shaping the full T signalling Bt is around 0.6. Hence the

(10.33)

m

Ex. 1017.68



oPTICAL FIBER SYSTEMS 435

Amplitude Amplitude“

- ot
o Frequency s pd Time

(a) (b)

Fig- 10.37 (a) Raised cosine spectrum. (b} Output of a system with a raised cosine
output spectrum for a single input pulse.

average number of photons required to detect a binary one using a good APD
receiver at a specified BER may be estimated using Eq. (10.33) in conjunction
with Eq. (10.24).

Example 10.3

A good APD is used as a detector in an optical fiber PCM receiver designed for
baseband binary transmission with a decision threshold set midway between the
zero and one signal levels. The APD has a quantum efficiency of 80%, a ratio of
carrier ionization rates of 0.02 and is operated with a multiplication factor of 100.
Assuming a raised cosine signal spectrum at the receiver, estimate the average
number of photons which must be incident on the APD to register a binary one with
a BER of 10-%,

Solution: The electrical SNR required to obtain a BER of 10~? at the receiver is
given by the curve shown in Fig. 10.36(b), or the solution to example 10.2 as
21.6 dB or 144, Also the excess avalanche noise factor F{M) may be determined
using Eq. (10.28) where,

1
F(M) = kM + (2——) (1-k)
m

=2 + (2-0.01)(1 -0.02)
=396~4

The average number of photons which must be incident at the receiver in order to
maintain the BER can be estimated using Eq. (10.33) (assuming Bt = 0.6 for the
raised cosine pulse spectrum) as:

2B7F(M) (S )
z =
m ‘]'l N

2x06x4x144

0.8

= 864 photons
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The estimate in example 10.3 gives a more realistic value for the average
number of incident photons required at a good APD receiver in order to
register a binary one with a BER of 10~ than the quantum limit of 21 photong
determined for an ideal photodetector in example 9.1. However, it must be
' emphasized that the estimate in example 10.3 applies to a good silicon APD
receiver (with high sensitivity and low dark current) which is quantum Noise
limited, and that no account has been taken of the effects of either dark Curreng
within the APD or thermal noise generated within the preamplifier. I is
therefore likely that at least 1000 incident photons are required at a good App
| receiver to register a binary one and provide a BER of 107 [Ref, 5 1.
‘ Nevertheless somewhat lower values may be achieved by setting the decisiop
| threshold below the half amplitude level because the shot noise on the zero

level is lower than the shot noise on the one level.
“ The optical power required at the receiver P, is simply the optical energy
I divided by the time interval over which it is incident. The optical energy E,
may be obtained directly from the average number of photons required at the
receiver in order to maintain a particular BER following:

E, =z hf (10.34)

where Af is the energy associated with a single photon which is given by Eq,
(6.1). In order that a binary one is registered at the receiver, the optical energy
E, must be incident over the bit interval 1. For system calculations we can
assume a zero disparity code which has an equal density of ones and zeros. In
this case the optical power required to register a binary one may be considered
to be incident over two bit intervals giving:

E,
P =— (10.35)
27
' Substituting for E, from Eq. (10.34) we obtain:
' z.h
P, = v (10.36)
27

Also as the bit rate B for the channel is the reciprocal of the bit interval t, Eq.
(10.36) may be written as:
H _ ZyhfBy

f P, (10.37)
2
Equation (10.37) allows estimates of the incident optical power required at a
good APD receiver in order to maintain a particular BER, based on the
average number of incident photons. In system calculations these optical
power levels are usually expressed in dBm. It may also be observed that the
required incident optical power is directly proportional to the bit rate By which
typifies a shot noise limited receiver.
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e

Example 10.4

The receiver of example 10.3 operates at a wavelength of 1 um. Assuming a zero
disparity binary code, estimate the incident optical power required at the receiver to
register a binary one with a BER of 10~ at bit rates of 10 Mbit s~ and 140 Mbit s~".

Solution: Under the above conditions, the required incident optical power may be
obtained using Eqg. (10.37) where,

zmhfBr  z, heBt
P = =

o

2 2\
At 10 Mbits™',
864 x 6.626 x 10724 x 2.998 x 10% x 107
°T 2x1x 1078
= 858.2 pW
= -60.7 dBm
At 140 Mbit s,

864 x 6.626 x 1073 x 2.998 x 10® x 14 x 107

o

2x1x10"

= 12.015 nW
= —49.2 dBm

Example 10.4 illustrates the effect of direct proportionality between the
optical power required at the receiver and the system bit rate. In the case con-
sidered, the required incident optical power at the receiver to give a BER of
10~° must be increased by around 11.5 dB (factor of 14) when the bit rate is
increased from 10 to 140 Mbit s™'. Also comparison with example 9.1 where a
similar calculation was performed for an ideal photodetector operating at
10 Mbit s™' emphasizes the necessity of performing the estimate for a practical
photodiode. The good APD receiver considered in example 10.4 exhibits
around 16 dB less sensitivity than the ideal photodetector (i.e. quantum limit).

The assumptions made in the evaluation of examples 10.3 and 10.4 are not
generally valid when considering p—i—n photodiode receivers because these
devices are seldom quantum noise limited due to the absence of internal gain
within the photodetector. In this case thermal noise generated within the
electronic amplifier is usually the dominating noise contribution and is
typically 1 x 10° to 3 x 10° times larger than the peak response produced by
the displacement current of a single electron—~hole pair liberated in the detector.
Hence, for reliable performance with a BER of 10-°, between 1 and 3 x 10*
photons must be detected when a binary one is incident on the receiver {Ref.
53].

This translates into sensitivities which are about 30 dB or more, less than
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the quantum limit. Finally for a thermal noise limited receiver the input Optica]
power is proportional to the square root of both the post detection or Effecuye
noise bandwidth and the SNR (i.e. P, oc [(S/N)B]}). However, this result ig
best obtained from purely analog SNR considerations and therefore jg dEalt
with in Section 10.7.1.

10.6.4 Channel Losses

Another important factor when estimating the permissible separation between
regenerative repeaters or the overall link length is the total loss encountereq
between the transmitter(s) and receiver(s) within the system. Assuming there
are no dispersion penalties on the link, the total channel loss may be obtained
by simply summing in decibels the installed fiber cable loss, the fiber—fiber
jointing losses and the coupling losses of the optical source and detector, The
fiber cable loss in decibels per kilometer oy is normally specified by the
manufacturer, or alternatively it may be obtained by measurement (see Sec.
tions 5.2 and 5.7). It must be noted that the cabled fiber loss is likely to be
greater than the uncabled fiber loss usually measured in the laboratory due to
possible microbending of the fiber within the cabling process (see Section
4.6.2).

Loss due to joints (generally splices) on the link may also, for simplicity, be
specified in terms of an equivalent loss in decibels per kilometer ;. In fact, it is
more realistic to regard @; as a distributed loss since the optical attenuation
resulting from the disturbed mode distribution at a joint does not only occur in
the vicinity of the joint. Finally the loss contribution attributed to the con-
nectors @, (in decibels) used for coupling the optical source and detector to the
fiber must be included in the overall channel loss. Hence the total channel loss
C. (in decibels) may be written as:

CL=(o + L + o (10.38)

where L is the length of the fiber cable either between regenerative repeaters or
between the transmit and receive terminals for a link without repeaters.

Example 10.5

An optical fiber link of length 4 km comprises a fiber cable with an attenuation of
5 dB km~'. The splice losses for the link are estimated at 2 dB km~"!, and the con-
nector losses at the source and detector are 3.5 and 2.5 dB respectively. Ignoring
the effects of dispersion on the link determine the total channel loss.

Solution: The total channel loss may be simply obtained using Eq. {10.38) where:

CL = (afc + uj)L + Qg
=(5+2)4+35+25
= 34 dB
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10.6.5 Temporal Response

The system design considerations must also take into account the temporal
response of the system components. This is especially the case with regard to
pulse dispersion on the optical fiber channel. The formula given in Eq. (10.38)
allows determination of the overall channel loss in the absence of any pulse
broadening due to the dispersion mechanisms within the transmission medium.
However, the finite bandwidth of the optical system may result in overlapping
of the received pulses or intersymbol interference, giving a reduction in
sensitivity at the optical receiver. Therefore either a worse BER must be
tolerated, or the ISI must be compensated by equalization within the receiver
(see Section 10.3.3). The latter necessitates an increase in optical power at the
receiver which may be considered as an additional loss penalty. This additional
loss contribution is usually called the dispersion—equalization or ISI penalty.
The dispersion—equalization penalty D; becomes especially significant in high
bit rate multimode fiber systems and has been determined analytically for
Gaussian shaped pulses [Ref. 48]. In this case it is given by:

7, \*
D, =2 (—) dB (10.39)
T

where 1, is the 1/e full width pulse broadening due to dispersion on the link
and t is the bit interval or period. For Gaussian shaped pulses, T, may be
written in terms of the rms pulse width ¢ as (see Appendix F):

1, = 20\/2 (10.40)

Hence, substituting into Eq. (10.39) for t,, and writing the bit rate B; as the
reciprocal of the bit interval 1 gives:

D, = 2(26B;+/2)* dB (1041)

Since the dispersion—equalization penalty as defined by Eq. (10.41) is
measured in decibels, it may be included in the formula for the overall channel
loss given by Eq. (10.38). Therefore the total channel loss including the
dispersion—equalization penalty C, is given by:

Cwp = (0, + )L + a, + D_¢B (10.42)

The dispersion—equalization penalty is usually only significant in wideband
multimode fiber systems which exhibit intermodal as well as intramodal disper-
sion. Single mode fiber systems which are increasingly being utilized for
wideband long-haul applications are not generally limited by pulse broadening
on the channel because of the absence of intermodal dispersion. However, it is
often the case that intermodal dispersion is the dominant mechanism within
multimode fibers. In Section 3.9.1 intermodal pulse broadening was considered
to be a linear function of the fiber length L. Furthermore it was indicated that
the presence of mode coupling within the fiber made the pulse broadening

'
L
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increase at a slower rate proportional to L. Hence it is useful to consider the
dispersion—equalization penalty in relation to fibers without and with mode
coupling operating at various bit rates.

— .}
Example 10.6

The rms pulse broadening resulting from intermodal dispersion within a multimoge
optical fiber is 0.6 nskm='. Assuming this to be the dominant dispersion
mechanism, estimate the dispersion—-equalization penalty over an unrepeatered fiber
link of length 8 km at bit rates of (a} 26 Mbit s~" and (b} 150 Mbit s. In both caseg
evaluate the penalty without and with mode coupling. The pulses may be assumeq

to have a Gaussian shape.

Solution: (a) Without mode coupling. The total rms pulse broadening over 8 km ig
given by:

oy =6 XL =06x8=48ns
The dispersion—equalization penalty is given by Eq. (10.41} where:
Dy = 2(20;Bry/2/'=2(2 x 4.8 x 107 x 25 x 10%/2)*
= 0.03 dB
With mode coupling. The total rms pulse broadening is:
or ~oy/L =06 x /8 =17ns
Hence the dispersion—equalization penalty is:
DL =2(2 x 1.7 x 107 x 25 x 10°%/2)*
= 4.2 x 10~% dB (i.e. negligible)
(b) Without mode coupling.
or = 4.8 ns
D, =2(2 x 48 x 10~ x 150 x 10%/2)* = 34.38 dB
With mode coupling.
or = 1.7 ns

D =2(2 x1.7=10"% x 150 x 10%/2)* = 0.54 dB

Example 10.6(a) demonstrates that at low bit rates the dispersion—equaliza-
tion penalty is very small if not negligible. In this case the slight advantage of
the effect of mode coupling on the penalty is generally outweighed by
increased attenuation on the link because of the mode coupling, which may be
of the order of 1dB km™. Example 10.6(b) indicates that at higher bit rates
with no mode coupling the dispersion—equalization penalty dominates to the
extent that it would be necessary to reduce the repeater spacing to between 4
and 5 km. However, it may be observed that encouragement of mode coupling
on the link greatly rediices this penalty and outweighs any additional attenua-
tion incurred through mode coupling within the fiber. In summary, it is clear
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that the dispersion—equalization penalty need only be applied when consider-
ing wideband systems. Moreover it is frequently the case that lower bit rate
systems may be up-graded at a later date to a higher capacity without incur-
ring a penalty which might necessitate a reduction in repeater spacing.

An alternative approach involving the calculation of the system rise time
can be employed to determine the possible limitation on the system bandwidth
resulting from the temporal response of the system components. Therefore, if
there is not a pressing need to obtain the maximum possible bit rate over the
maximum possible distance, it is sufficient within the system design to establish
that the total temporal response of the system is adequate for the desired
system bandwidth. Nevertheless this approach does allow for a certain amount
of optimization of the system components, but at the exclusion of considera-
tions regarding equalization and the associated penalty.

The total system rise time may be determined from the rise times of the
individual system components which include the source (or transmitter), the
fiber cable, and the detector (or receiver). These times are defined in terms of a
Gaussian response as the 10-90% rise (or fall) times of the individual com-
ponents. The fiber cable 10-90% rise time may be separated into rise times
arising from intermodal 7, and intramodal or chromatic dispersion T;. The
total system rise time is given by [Ref. 56]:

T = LIT2 + T2 + T2 + T}) (10.43)

syst

where Ty and T, are the source and detector 10-90% rise times respectively,
and all the rise times are measured in nanoseconds. Comparison of the rise
time edge with the overall pulse dispersion results in the weighting factor of
1.1.

Input voltage“ VourlF)

-

H) R

o )

P
=

()

Fig. 10.38 (a) The response of a low pass RC filter circuit to a voltage step input. {b) The
transfer function H(w) for the circuit in {a).
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The maximum system bit rate Br(max) is usually defined in terms of 7
by consideration of the rise time of the simple RC filter circuit shown in p’i’é‘_
10.38(a). For a voltage step input of amplitude ¥, the output voltage wavefory,
v, (£) as a function of time ¢ is:

Vou () = V(1 —e/RC) (10.44)

Hence the 10-90% rise time ¢, for the circuit is given by:

2.2

t=—
RC

T

(1045)

The transfer function for this circuit is shown in Fig. 10.38(b) and is given by:

1
Ho)|=—————— 1
|H ()| 1T o CRY (10.46)
Therefore the 3 dB bandwidth for the circuit is
B= . (104

"~ 2mRC A7)

Combining Eqgs. (10.45) and (10.47) gives,
; 22 035 (1048
‘2B B 48)

The result for the 10-90% rise time indicated in Eq. (10.48) is of general
validity, but a different constant term may be obtained with different filter
circuits. However, for rise time calculations involving optical fiber systems the
constant 0.35 is often utilized and hence in Eq. (10.48), £ = T, . Alter-
natively, if an ideal (unrealizable) filter with an arbitrarily sharp cutoff is con-
sidered, the constant in Eq. (10.48) becomes 0.44. However, although this
value for the constant is frequently employed when calculating the optical
bandwidth of fiber from pulse dispersion measurements (see Section 5.3.1), the
more conservative estimate obtained using a constant term of 0.35 is generally
favored for use in system rise time calculations [Refs. 56 and 57]. Also, in both
cases it is usually accepted [Ref. 43] that to conserve the shape of a pulse with
a reasonable fidelity through the RC circuit then the 3 dB bandwidth must be
at least large enough to satisfy the condition Bt = 1, where t is the pulse dura-
tion. Combining this relation with Eq. (10.48) gives:

Ty =t = 0357 (10.49)

For an RZ pulse format, the bit rate B; = B = 1/t (see Section 3.7) and
hence substituting into Eq. (10.49) gives:
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0.35

B (max) = (10.50)

syst

Alternatively for an NRZ pulse format Br =B/2=1/21 and therefore the
maximum bit rate is given by:

B (max) =

(10.51)

syst

Thus the upper limit on T should be less than 35% of the bit interval for an
RZ pulse format and less than 70% of the bit interval for an NRZ pulse
format.

The effects of mode coupling are usually neglected in calculations involving
system rise time, and hence the pulse dispersion is assumed to be a linear func-
tion of the fiber length. This results in a pessimistic estimate for the system rise
time and therefore provides a conservative value for the maximum possible bit
rate.

Example 10.7

An optical fiber system is to be designed to operate over an 8 km length without
repeaters. The rise times of the chosen components are:

Source (LED) 8 ns
Fiber: intermodal 5 ns km~!
(pulse broadening) intramodal 1 ns km™’
Detector (p—i—n photodiode) 6 ns

From system rise time considerations, estimate the maximum bit rate that may be
achieved on the link when using an NRZ format.
Solution: The total system rise time is given by Eq. (10.43) as:

Toet = 1.1(T% + T2 + T2 + T3)?
— 1.1(82 + (8 x B)2 + (8 x 1) + 63}
= 46.2 ns

Hence the maximum bit rate for the link using an NRZ format is given by Eq.
(10.51) where:

0.7 0.7
Tost 462 % 1079

By (max) = ~15.2 Mbits™’

The rise time calculations indicate that the link will support a maximum bit rate of
15.2 Mbit s=! which for an NRZ format is equivalent to a 3 dB optical bandwidth of
7.6 MHz (i.e. the NRZ format has two bit intervals per wavelength).

Once it is established that pulse dispersion is not a limiting factor, the major
design exercise is the optical power budget for the system.
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10.6.6 Optical Power Budgeting

Power budgeting for a digital optical fiber communication system is performeq
in a similar way to power budgeting within any communication system. When
the transmitter characteristics, fiber cable losses and receiver sensitivity gp,
known, the relatively simple process of power budgeting allows the repeater
spacing or the maximum transmission distance for the system to be evalyateq
However, it is necessary to incorporate a system margin into the optical Powe;
budget so that small variations in the system operating parameters do not leaq
to an unacceptable decrease in system performance. The operating margip ig
often included in a safety margin M, which also takes into account possibje
source and modal noise together with receiver impairments such as equaliza-
tion error, noise degradations and eye opening impairments. The safety margjy
depends to a large extent on the system components as well as the system
design procedure and is typically in the range 5-10 dB. Systems using an injec-
tion laser transmitter generally require a larger safety margin (e.g. 9 dB) than
those using an LED source (e.g. 7 dB) because the temperature variation and
ageing of the LED are less pronounced.

The optical power budget for a system is given by the following expression:

P, =P, + C, + M, dB (10.52)

where P, is the mean input optical power launched into the fiber, P, is the
mean incident optical power required at the receiver and C, (or C.p when
there is a dispersion—equalization penalty) is the total channel loss given by Eq.
(10.38) (or Eq. (10.42)). Therefore the expression given in Eq. (10.52) may be
written as:

P, =P, + (o + o)L + 0a, + M, dB (10.53)

Alternatively, when a dispersion—equalization penalty is included Eq. (10.52)
becomes:
P, =P, + (0 + @)L + 0, + D + M, dB (10.54)
Equations (10.53) and (10.54) allow the maximum link length without
repeaters to be determined, as demonstrated in example 10.8.

Example 10.8

The following parameters are established for a long-haul single mode optical fiber
system operating at a wavelength of 0.85 pm.

Mean power launched from the laser transmitter -3 dBm
Cabled fiber loss 1.9 dB km~!
Splice loss 0.3 dB km™!
Connector losses at the transmitter and receiver 1 dB each
Mean power required at the APD receiver:

when operating at 35 Mbits~' (BER 107") —55 dBm

when operating at 500 Mbit s~ (BER 10~%) —44 dBm
Required safety margin 9 dB
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Estimate:

(a) the maximum possible link length without repeaters when operating at
35 Mbit s=' (BER 1079). it may be assumed that there is no dispersion—equaliza-
tion penalty at this bit rate.

(b) the maximum possible link length without repeaters when operating at
500 Mbit s=! (BER 10~?) and assuming no dispersion—equalization penalty.

(¢} the reduction in the maximum possible link length without repeaters of (b) when
there is a dispersion—equalization penalty of 5 dB. It may be assumed for the
purposes of this estimate that the reduced link length has the 5dB penality.

Solution: (a) When the system is operating at 35 Mbits~' an optical power
budget may be performed using Eq. (10.53), where

P —P, = (o + qjlL + 0o + M, dB
-3 dBm —(-565 dBm) = (og + oj)L + ag + M,
Hence,
(e + @)Ll =52-ay,-M
2.1L =52-2-9

41
L=——=19.6km
2.1

{b) Again using Eq. (10.53) when the system is operating at 500 Mbits~":
-3 dBm - (—44 dBm) = (ag + )L + o + M
(a, + q)l =41-2-9
30

L=—-——=143 km
21

{c) Performing the optical power budget using Eq. (10.54) gives:
Pi—Py = loge + @)L + ae + DL + My
Hence,

21L =41-2-5-9

and
25
L=——=11.9km
2.1

Thus there is a reduction of 2.4 km in the maximum possible link length without
repeaters.

Although we have demonstrated in example 10.8 the use of the optical
power budget to determine the maximum link length without repeaters, it is
also frequently used to aid decisions with relation to the combination of com-
ponents required for a particular optical fiber communication system. In this
case the maximum transmission distance and the required bandwidth may
already be known. Therefore the optical power budget is used to provide a
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basis for optimization in the choice of the system components, whilst ajg
establishing that a particular component configuration meets the System
requirements.

Example 10.9

Components are chosen for a digital optical fiber link of overall length 7 km ang
operating at a 20 Mbit s~ using an RZ code. It is decided that an LED emitting at
0.85 um with graded index fiber to a p——n photodiode is a suitable choice for the
system components, giving no dispersion—equalization penalty. An LED which is
capable of launching an average of 100 uW of optical power (including the con-
nector loss} into a 50 um core diameter graded index fiber is chosen. The proposed
fiber cable has an attenuation of 2.6 dB km~' and requires splicing every kilometer
with a loss of 0.5 dB per splice. There is also a connector loss at the receiver of
1.5 dB. The receiver requires mean incident optical power of —41 dBm in order to
give the necessary BER of 10", and it is predicted that a safety margin of 6 dB will
be required.

Write down the optical power budget for the system and hence determine its

viability.

Solution:
Mean optical power launched into the fiber from
the transmitter (100 mW) -10 dBm
Receiver sensitivity at 20 Mbits~' (BER 10~1°) -41 dBm

Total system margin 31 dB
Cabled fiber loss {7 x 2.6 dB km~") 18.2 dB
Splice losses (6 x 0.5 dB) 3.0 dB
Connector loss {1 x 1.5 dB) 1.5 dB
Safety margin 6.0 dB
Total system loss 28.7 dB
Excess power margin 2.3 dB

Based on the figures given the system is viable and provides a 2.3 dB excess power
margin. This could give an extra safety margin to allow for possible future splices if
these were not taken into account within the original safety margin.

10.6.7 Line Coding

The previous discussions of digital system design have assumed that only
information bits are transmitted, and that the O and 1 symbols are equally
likely. However, within digital line transmission there is a requirement for
redundancy in the line coding to provide efficient timing recovery and syn-
chronization (frame alignment) as well as possible error detection and correc-
tion at the receiver. Line coding also provides suitable shaping of the
transmitted signal power spectral density. Hence the choice of line code is an
important consideration within digital optical fiber system design.

Binary line codes are generally preferred because of the large bandwidth
available in optical fiber communications. In addition these codes are less
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susceptible to any temperature dependence of optical sources and detectors.
Under these conditions two level codes are more suitable than codes which
utilize an increased number of levels (multilevel codes). Nevertheless, these
factors do not entirely exclude the use of multilevel codes, and it is likely that
ternary codes (three levels 0, 1, 1) which give increased information transmis-
sion per symbol over binary codes will be considered for some system applica-
tions. The corresponding symbol transmission rate (i.e. bit rate) for a ternary
code may be reduced by a factor of 1.58 (log, 3) whilst still providing the same
information transmission rate as a similar system using a binary code. It must
be noted that this gain in information capacity for a particular bit rate is
obtained at the expense of the dynamic range between adjacent levels as there
are three levels inserted in place of two. This is exhibited as a 3 dB SNR
penalty at the receiver when compared with a binary system at a given BER.
Therefore ternary codes (and higher multilevel codes) are not attractive for
long-haul systems.

For the reasons described above most digital optical fiber communication
systems currently in use employ binary codes. In practice, binary codes are
designed which insert extra symbols into the information data stream on a
regular and logical basis to minimize the number of consecutive identical
received symbols, and to facilitate efficient timing extraction at the receiver by
producing a high density of decision level crossings. The reduction in consecu-
tive identical symbols also helps to minimize the variation in the mean signal
Jevel which provides a reduction in the low frequency response requirement of
the receiver. This shapes the transmitted signal spectrum by reducing the d.c.
component. However, this factor is less important for optical fiber systems
where a.c. coupling is performed with capacitors unlike metallic cable systems
where transformers are often used, and the avoidance of d.c. components is
critical. A further advantage is apparent within the optical receiver with a line
code which is free from long identical symbol sequences, and where the con-
tinuous presence of 0 and 1 levels aids decision level control and avoids gain
instability effects.

Two level block codes of the nBmB type fulfil the above requirements
through the addition of a limited amount of redundancy. These codes convert
blocks of n bits into blocks of m bits where m > n so that the difference
between the number of transmitted ones and zeros is on average zero. A simple
code of this type is the 1B2B code in which a 0 may be transmitted as 01, and
a 1 as 10. This encoding format is shown in Fig. 10.39(b) and is commonly
referred to as biphase or Manchester encoding. It may be observed that with
this code there are never more than two consecutive identical symbols, and
that two symbols must be transmitted for one information bit, giving 50%
redundancy. Thus twice the transmission bandwidth is required for the 1B2B
code which restricts its use to systems where pulse dispersion is not a limiting
factor. Another example of a 1B2B code which is illustrated in Fig. 10.39(c) is
the coded mark inversion (CMI) code. In this code a digit O is transmitted as
01 and the digit 1 alternately as 00 or I1.
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| Fig. 10.39 Examples of binary 1828 codes used in optical fiber communications:
(a) unencoded NRZ data; (b) biphase or Manchester encoding; (c) coded
mark inversion {CMI} encoding.

Timing information is obtained from the frequent positive to negative transi-
tions, but once again the code is highly redundant requiring twice as many
transmitted bits as input information bits.

More efficient codes of this type requiring less redundancy exist such as the
3B4B, 5B6B and the 7B8B codes. There is a trade-off within this class of code
between the complexity of balancing the number of zeros and ones, and the
added redundancy. The increase in line symbol rate (bit rate) and the
corresponding power penalty over uncoded binary transmission is given by the
ratio m :n. Hence, considering the widely favored 5B6B code, the symbol rate
is increased by a factor of 1.2 whilst the power penalty is also equal to 1.2 or
about 0.8 dB. It is therefore necessary to take into account the increased
bandwidth requirement and the power penalty resulting from coding within the
optical fiber system design.

Simple error monitoring may be provided with block codes, at the expense
of a small amount of additional redundancy, by parity checking. Each block of
N bits can be made to have an even (even parity) or odd (odd parity) number
of ones so that any single error in a block can be identified. More extensive
error detection and error correction may be provided with increased
redundancy and equipment complexity. This is generally not considered
worthwhile unless it is essential that the digital transmission system is totally
secure (e.g. data transmission applications). Alternatively, error monitoring
when using block codes may be performed by measuring the variation in
disparity between the numbers of ones and zeros within the received bit
pattern. Any variation in the accumulated disparity above an upper limit or
below a lower limit allowed by a particular code is indicated as an error.
Further discussion of error correction with relation to disparity may be found
in Ref. 65.
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10.7 ANALOG SYSTEMS

In Section 10.5 we indicated that the vast majority of optical fiber communica-
tion systems are designed to convey digital information (e.g. analog speech
encoded as PCM). However, in certain areas of the telecommunication
network or for particular applications, information transfer in analog form is
still likely to remain for some time to come, or be advantageous. Therefore,
analog optical fiber transmission will undoubtedly have a part to play in future
communication networks, especially in situations where the optical fiber link is
part of a larger analog network (e.g. microwave relay network). Use of analog
transmission in these areas avoids the cost and complexity of digital terminal
equipment, as well as degradation due to quantization noise. This is especially
the case with the transmission of video signals over short distances where the
cost of high speed analog to digital (A-D) and D—A converters is not generally
justified. Hence, there are many applications such as direct cable television and
common antenna television (CATV) where analog optical fiber systems may
be utilized.

There are limitations, however, inherent to analog optical fiber transmission,
some of which have been mentioned previously. For instance, the unique
requirements of analog transmission over digital are for high signal to noise
ratios at the receiver output which necessitates high optical input power (see
Section 9.2.5), and high end to end linearity to avoid distortion and prevent
cross talk between different channels of a multiplexed signal (see Section
10.4.2). Furthermore, it is instructive to compare the SNR constraints for
typical analog optical fiber and coaxial cable systems.

In a coaxial cable system the fundamental limiting noise is 4K7TB, where K
is Boltzmann’s constant, T is the absolute temperature, and B is the effective
noise bandwidth for the channel. If we assume for simplicity that the coaxial
cable loss is constant and independent of frequency, the SNR for a coaxial
system is

(10.55)

( S ) V2 exp (—ay)
N coax B

N Z,4KTB

where oy is the attenuation in nepers between the transmitter and receiver, V' is
the peak output voltage, and Z, is the impedance of the coaxial cable.

The SNR for an analog optical fiber system may be obtained by referring to
Eq. (9.11) where

S T|P°
— = 10.56
& ) 2B o=

The expression given in Eq. (10.56) includes the fundamental limiting noise for
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optical fiber systems which is 2AfB. Although Eq. (10.56) is sufficieny
accurate for the purpose of comparison it applies to an unmodulated Optica
carrier. A more accurate expression would take into account the depth of
modulation for the analog optical fiber system which cannot be unity [Ref,
531.* The average received optical power P, may be expressed in terms of the
average input (transmitted) optical power P, as

P, = P; exp (—oy) (10.57)
Substituting for P, into Eq. (10.56) gives

(10.58)

(S) _ Piexp(-ay)
N Jover

N 2B
Equations (10.55) and (10.58) allow a simple comparison to be made of

available SNR (or CNR) between analog coaxial and optical fiber systems as
demonstrated in example 10.10.

Example 10.10

A coaxial cable system operating at a temperature of 17 °C has a transmitter peak
output voltage of 5V with a cable impedance of 100 €. An analog optical fiber
system uses an injection laser source emitting at 0.85 pm and launches an average
of 1 mW of optical power into the fiber cable. The optical receiver comprises a
photodiode with a quantum efficiency of 70%. Assuming the effective noise
bandwidth and the attenuation between the transmitter and receiver for the two
systems is identical, estimate in decibels the ratio of the SNR of the coaxial system
to the SNR of the fiber system.

Solution: Using Egs. (10.55) and (10.58) for the SNRs of the coaxial and fiber

systems respectively:
( S ) V2exp (—ay)
N Feoax ZAKTB V2hf

Ratio = = a5
P exp (—ay)  2KTZP;

)
N fsiver 2hfB

V2he

 2KTZ P
Hence,

25 x 6.626 x 1073 x 2.998 x 108
2x1.385x 1072 x290x 100x 0.7 x 1 X 10~2 x 0.85 x 10-¢

Ratio =

= 1.04 x 10*~40dB

* Strictly speaking Eq. (10.56) depicts the optical carrier to noise ratio (CNR).
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The optical fiber channel in example 10.10 has around 40 dB less SNR
available than the alternative coaxial channel exhibiting similar channel losses.
This results both from 24fB being larger than 4KTB and from the far smaller
transmitted power with the optical system. Furthermore it must be noted that
the comparison was made using an injection laser transmitter. If an LED
transmitter with 10-20 dB less optical output power was compared, the
coaxial system would display an advantage in the region 50—60 dB. For this
reason it is difficult to match with fiber systems the SNR requirements of some
analog coaxial links, even though the fiber cable attenuation may be sub-
stantially lower than that of the coaxial cable.

The analog signal can be transmitted within an optical fiber communication
system using one of several modulation techniques. The simplest form of
analog modulation for optical fiber communications is direct intensity modula-
tion (D—IM) of the optical source. In this technique the optical output from the
source is modulated simply by varying the current flowing in the device around
a suitable bias or mean level in proportion to the message. Hence the informa-
tion signal is transmitted directly in the baseband.

Alternatively the baseband signal can be translated onto an electrical sub-
carrier by means of amplitude, phase or frequency modulation using standard
techniques, prior to intensity modulation of the optical source. Pulse analog
techniques where a sequence of pulses are used for the carrier may also be
utilized. In this case a suitable parameter such as the pulse amplitude, pulse
width, pulse position or pulse frequency is electrically modulated by the
baseband signal. Again the modulated electrical carrier is transmitted optically
by intensity modulation of the optical source.

Direct modulation of the optical source in frequency, phase or polarization
rather than by intensity requires these parameters to be well defined
throughout the optical fiber system. Although there is much interest in this
area (see Section 10.8) present optical component technology does not as yet
completely provide for practical system implementation.

10.7.1 Direct Intensity Modulation (D-IM)

A block schematic for an analog optical fiber system which uses direct
modulation of the optical source intensity with the baseband signal is shown in
Fig. 10.40(a). Obviously no electrical modulation or demodulation is required
with this technique, making it both inexpensive and easy to implement.

The transmitted optical power waveform as a function of time P (5, an
example of which is illustrated in Fig. 10.40(b), may written as:

Py () = P(1 + m(D)) (10.59)

where P, is the average transmitted optical power (i.e. the unmodulated carrier
power) and m(¢) is the intensity modulating signal which is proportional to the
source message a(f). For a cosinusoidal modulating signal:

|
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Fig. 10.40 (a) Analog optical fiber system employing direct intensity modulation,
(b) Time domain reprasentation showing direct intensity modulation of the
optical carrier with a baseband analog signal.

m(t) = m, cos ot (10.60)

where m, is the modulation index or the ratio of the peak excursion from the
average to the average power as shown in Fig. 10.40(b), and w,, is the angular
frequency of the modulating signal. Combining Eqgs. (10.59) and (10.60) we
get:

P, (&) = P(1 + m, cos @y1) (10.61)

Furthermore, assuming the transmission medium has zero dispersion, the
received optical power will be of the same form as Eq. (10.61), but with an
average received optical power P,. Hence the secondary photocurrent I(¢)
generated at an APD receiver with a multiplication factor M is given by:

I() = I,M(1 + m, cos o, 1) (10.62)
where the primary photocurrent obtained with an unmodulated carrier I, is
given by Eq. (8.8) as,

L="p (10.63)

The mean square signal current E,: which is obtained from Eq. (10.62) is given
by:
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i%, = H(m, ML,y (10.64)

The total average noise in the system is composed of quantum, dark current,
and thermal (circuit) noise components. The noise contribution from quantum
effects and detector dark current may be expressed as the mean square total
shot noise current for the APD receiver i3, given by Eq. (9.21) where the
excess avalanche noise factor is written following Eq. (9.26) as F(M) such

that:
i3, = 2eBU, + I,)M’F(M) (10.65)

where B is the effective noise or post detection bandwidth.

Thermal noise generated by the load resistance R; and the electronic
amplifier noise can be expressed in terms of the amplifier noise figure F,
referred to R; as given by Eq. (9.17). Thus the total mean square noise current

{4 may be written as:

- ) 4KTBF,
iy =2eB{, + I,)M*F(M) + T (10.66)
L
The SNR defined in terms of the ratio of the mean square signal current to the
mean square noise current (rms signal power to rms noise power) for the APD
receiver is therefore given by:

S & Hm MY
(E) B (aPD)
N /me &  2eBU, +I,)M F(M) + (AKTBF, /R, )
(10.67)

It must be emphasized that the SNR given in Eq. (10.67) is defined in terms
of rms signal power rather than peak signal power used previously. When a
unity gain photodetector is utilized in the receiver (i.e. p—i—n photodiode) Eq.
(10.67) reduces to:

(s ) - HmaL,)?
N /e 2eB(, + I,) + (4KTBF,/R,)

(p—i—n) (10.68)

Moreover, the SNR for video transmission is often defined in terms of the peak
to peak picture signal power to the rms noise power and may include the ratio
of luminance to composite video b. Using this definition in the case of the unity
gain detector gives:

(p—i—n) (10.69)

(S ) (2m, 1, by
N/, 2eB(l, +1,) + (4KTBF,/R,)
It may be observed that, excluding b, the SNR defined in terms of the peak

signal power given in Eq. (10.69) is a factor of 8 (or 9 dB) greater than that
defined in Eq. (10.68).
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e
Example 10.11

A single TV channel is transmitted over an analog optical fiber link using direc
intensity modulation. The video signal which has a bandwidth of 5 MHz and a rajq
of luminance to composite video of 0.7 is transmitted with a modulation index of
0.8. The receiver contains a p—i—n photodiode with a responsivity of 0.5 AW~ gpg
a preamplifier with an effective input impedance of 1 M{Q together with a nojse
figure of 1.5 dB. Assuming the receiver is operating at a temperature of 20 °C apqg
neglecting the dark current in the photodiode, determine the average incident
optical power required at the receiver (i.e. receiver sensitivity) in order to maintain 3
peak to peak signal power to rms noise power ratio of 55 dB.

Solution: Neglecting the photodiode dark current, the peak to peak signal power
to rms noise power ratio is given following Eq. (10.69) as:

(s ) (2m, 1, b2
N Lo 268, + (4KTBF/R)

The photocurrent /, may be expressed in terms of the average incident optical
power at the receiver P, using Eq. (8.4) as:

Iy = RP,
where A is the responsivity of the photodiode. Hence,

(s ) (2m, RPub)?
N/, 2eBAP,+ (AKTBF,/R,)

S 4KTBF,
- 2eBRP, + ——— ) = (2m,RP,b)?
N fpp A

S S 4KTBF,
(2m,RbYPE— | — 2eBAP, — | — —_—=
N p-p N PP AL

and

Rearranging,

where
(2m,Rb)? = 4 x 0.64 x 0.25 x 0.49
= 0.314

S
(—) 2eBR=3.162 x 10°x 2 x 1.602 » 10~ x 5 x 10® x 0.5
N fop

= 2.533 x 1077

s 4KTBF,
—) ——=3.162x10°x4x1.381 x 1072 x 293 x 5 x 10° x 1.413
NG, A =

= 3.616 x 1074
Therefore,

0.314P%-2.533 x 1077P, —3.616 x 107 =0
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and

2.533x10~7 +/((2.533 x 10")2— (-4 x 0.314 x 3.616 x 10-1%)]
Po =

0.628

= 0.93 uW
= -30.3dBm

It must be noted that the low noise preamplification depicted in example
10.11 may not always be obtained, and that higher thermal noise levels will
adversely affect the receiver sensitivity for a given SNR. This is especially the
case with lower SNRs as illustrated in the peak to peak signal power to rms
noise power ratio against average received optical power characteristics for a
video system shown in Fig. 10.41. The performance of the system for various
values of mean square thermal noise current i? =4KTBF,/R,, where % is
expressed as a spectral density in A? Hz™!, is indicated. The value for the
receiver sensitivity obtained in example 10.11 is approaching the quantum
limit, also illustrated in Fig. 10.41, which is the best that could possibly be
achieved with a noiseless amplifier.

The quantum or shot noise (when ignoring the photodetector dark current)
limit occurs with large values of signal current (i.e. primary photocurrent) at
the receiver. Considering a p—i—n photodiode receiver, this limiting case which

70
SNR (p—p/rms) (dB)

60

50

40

30

Average received optical power (W)

Fig. 10.41 Peak to peak signal power to rms noise power ratio against the average
received optical power for a direct intensity modulated video system and
various levels of thermal noise given by /Z. Reproduced with permission from
G. G. Windus, Marconi Rev., XLIV, p. 77, 1981.
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corresponds to large SNR is given by Eq. (10.68) when neglecting the device
dark current as:

(S) I, (quant e limit)
—_— ~ uantum noise limi
N~ aen q (10.70)

Using the relationship between the average received optical power P, ang
the primary photocurrent given in Eq. (10.63) allows Eq. (10.70) to pe

expressed as:
4nf 1S
P, ~ — B

mem (N )rms o7y

Equation (10.71) indicates that for a quantum noise limited analog receiver,
the optical input power is directly proportional to the effective noise or post
detection bandwidth B. A similar result was obtained in Eq. (10.37) for the
digital receiver.

Alternatively at low SNRs thermal noise is dominant, and the thermal noige
limit when /, is small, which,may also be obtained from Eq. (10.68), is given
by:

S m, I )R
< ) ~—(ap¢ (thermal noise limit) (10.72)
rms

N/, SKTBF,

Again substituting for I, from Eq. (10.63) gives:

h ¢/ Syt
Pa L (KR (8! g 0079
enm; R]_, N rms

Therefore it may be observed from Eq. (10.73) that in the thermal noise limit
the average incident optical power is directly proportional to B+ instead of the
direct dependence on B shown in Eq. (10.71) for the quantum noise limit. The
dependence expressed in Eq. (10.73) is typical of the p—i—n photodiode receiver
operating at low optical input power levels. Thus Eq. (10.73) may be used to
estimate the required input optical power to achieve a particular SNR for a
p—i—n photodiode receiver which is dominated by thermal noise.

Example 10.12

An analog optical fiber link employing D-IM has a p—i-n photodiode receiver in
which thermal noise is dominant. The system components have the following
characteristics and operating conditions.

p—i—n photodiode quantum efficiency 60%
effective load impedance for the photodiode 50 kQ
preamplifier noise figure 6 dB

Ex. 1017.90



OPTICAL FIBER SYSTEMS 457

operating wavelength 1 um
operating temperature 300 K
receiver post detection bandwidth 10 MHz
modulation index 0.5

Estimate the required average incident optical power at the receiver in order to
[ maintain an SNR, defined in terms of the mean square signal current to mean square
noise current, of 45 dB.

Solution: The average incident optical power for a thermal noise limited p—i—n
photodiode receiver may be estimated using Eq. (10.73) where:

Af 8KTF, \ T [ S\
P, ~ — B?
911'"?; HL N rms

and
hf he 6.626 x 10~ x 2.998 x 10°
enm? - enmzh - 1.602 x 107"® x 0.6 x 0.25 x 1 x 10-®
= 8.267
8KTF, \! [8x 1.381x 1072 x 300 x 4 \ ¥
( AL ) - ( 50 x 10° )
= 1.628 x 10-12
S \*
(—) BT =(3.162 x 10* x 107)*
N ms |
— 5.623 x 10°
Hence,

P, ~ 8.267 x 1.628 x 10-'2 x 5.623 x 10°
= 7.57 yW
= -21.2 dBm

Therefore, as anticipated, the receiver sensitivity in the thermal noise limit is low.

10.7.2 System Planning

Many of the general planning considerations for optical fiber systems outlined
in Section 10.4 may be applied to analog transmission. However, extra care
must be taken to ensure that the optical source and, to a lesser extent, the |
detector have linear input—output characteristics, in order to avoid distortion
of the transmitted optical signal. Furthermore, careful optical power budgeting
is often necessary with analog systems because of the generally high SNRs
required at the optical receiver (40—-60 dB) in comparison with digital systems
(20-25 dB), to obtain a similar fidelity. Therefore, although analog system
optical power budgeting may be carried out in a similar manner to digital
| systems (see Section 10.6.6), it is common for the system margin, or the
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difference between the optical power launched into the fiber and the requirey
optical power at the receiver, for analog systems to be quite small (perhaps
only 10-20dB when using an LED source to p—i—n photodiode receiver),
Consequently analog systems employing direct intensity modulation of the
optical source tend to have a limited transmission distance without repeaters
which generally prohibits their use for long-haul applications.

Example 10.13

A D-IM analog optical fiber link of length 2 km employs an LED which launcheg
mean optical power of —10dBm into a multimode optical fiber. The fiber cable
exhibits a loss of 3.5 dB km~" with splice losses calculated at 0.7 dB km~". In addi-
tion there is a connector loss at the receiver of 1.6 dB. The p—i—n photodiode
receiver has a sensitivity of 25 dBm for an SNR (7%,,/) of 50dB and with a
modulation index of 0.5. It is estimated that a safety margin of 4 dB is required.
Assuming there is no dispersion—equalization penalty:

(a) Perform an optical power budget for the system operating under the above con-
ditions and ascertain its viability.

(b) Estimate any possible increase in link length which may be achieved using an
injection laser source which launches mean optical power of 0 dBm into the
fiber cable. In this case the safety margin must be increased to 7 dB.

Solution: (a) Optical power budget:

Mean power launched into the fiber cable from

the LED transmitter -10 dBm
Mean optical power required at the p—i—n photodiode

receiver for SNR of 50 dB and a modulation index of 0.5 —25 dBm

Total system margin 15 dB
Fiber cable loss (2 x 3.5) 7.0 dB
Splice losses (2 x 0.7) 1.4 dB
Connector loss at the receiver 1.6 dB
Safety margin 4.0 dB
Total system loss 14.0 dB
Excess power margin 1.0 dB

Hence the system is viable, providing a small excess power margin.
(b) In order to calculate any possible increase in link length when using the injec-
tion laser source we refer to Eq. (10.53), where

Pi =Py = (o + @)L + ag, + M, dB

Therefore,
0 dBm —(-25 dBm) = (3.5 + 0.7)L + 1.6 + 7.0
and
4.2f =25-8.6 = 16.4 dB
giving

16.4
[ =——=3.9km
4.2
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Hence the use of the injection laser gives a possible increase in the link length of
1.9 km or almost a factor of 2. It must be noted that in this case the excess power
margin has been reduced to zero.

The transmission distance without repeaters for the analog link of example
10.13 could be extended further by utilizing an APD receiver which has
increased sensitivity. This could facilitate an increase in the maximum link
length to around 7 km, assuming no additional power penalties or excess
power margin. Although this is quite a reasonable transmission distance, it
must be noted that a comparable digital system could give in the region of
13 km transmission without repeaters.

The temporal response of analog systems may be determined from system
rise time calculations in a similar manner to digital systems (see Section
10.6.5). The maximum permitted 3 dB optical bandwidth for analog systems in
order to avoid dispersion penalties follows from Eq. (10.49) and is given by:

0.35
B, (max) =

(10.74)

syst

Hence calculation of the total system 10-90% rise time T, allows the
maximum system bandwidth to be estimated. Often this calculation is per-
formed in order to establish that the desired system bandwidth may be achieved
using a particular combination of system components.

Example 10.14

The 10-90% rise times for possible components to be used in a D-IM analog optical
fiber link are specified below:

Source (LED) 10 ns

Fiber cable: intermodal 9 ns km~!
intramodal 2 ns km™'

Detector (APD) 3 ns

The desired link length without repeaters is 5 km and the required optical bandwidth
is 6 MHz. Determine whether the above combination of components give an
adequate temporal response.

Solution: Equation (10.74) may be used to calculate the maximum permitted
system rise time which gives the desired bandwidth where:

0.35 0.35
Tsyst(max) =——=———=583ns
Bopr  6x10°

The total system rise time using the specified components can be estimated
using Eq. (10.43) as:

Topst = 1UTY + T3+ T2 + TR)?
110102 + (9 x 5)2 + (2 x 51 + 337
~ 52 ns

l
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Therefore the specified components give a system rise time which is adequate for
the bandwidth and distance requirements of the optical fiber link. However, there is
little leeway for upgrading the system in terms of bandwidth or distance withoyt
replacing one or more of the system components.

10.7.3 Subcarrier Intensity Modulation

Direct intensity modulation of the optical source is suitable for the transmjs.
sion of a baseband analog signal. However, if the wideband nature of the
optical fiber medium is to be fully utilized it is essential that a number of
baseband channels are multiplexed onto a single fiber link. This may be
achieved with analog transmission through frequency division multiplexing of
the individual baseband channels. Initially, the baseband channels must be
translated onto carriers of different frequency by amplitude modulation (AM),
frequency modulation (FM) or phase modulation (PM) prior to being
simultaneously transmitted as an FDM signal. The frequency translation may
be performed in the electrical regime where the baseband analog signals
modulate electrical subcarriers and are then frequency division multiplexed to
form a composite electrical signal prior to intensity modulation of the optical
source.

A block schematic of an analog system employing this technique which is
known as subcarrier intensity modulation is shown in Fig. 10.42. The
baseband signals are modulated onto radiofrequency (RF) subcarriers by
either AM, FM or PM and multiplexed before being applied to the optical
source drive circuit. Hence an intensity modulated (IM) optical signal is
obtained which may be either AM—IM, FM—IM or PM-IM. In practice,
however, system output SNR considerations dictate that generally only the

Fiber
Transmit terminal cable
bA;:lgfnd Modulators .lll_: Modulator E Optical
———— -
signals (two levels) (drive circuit) source -\\\
RF subcarrier(s) }
s
1
o Sy S N A S B T | "y W . -
-, -
4
I
\\
™ Optical ff Electronic Bf Demodulators _:a"szlt‘:fnd
| detector [ amplifier = (two levels) signals

Receive terminal

Fig. 10.42 Subcarrier intensity modulation system for analog optical fiber transmission.
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latter two modulation formats are used. Nevertheless systems may incorporate
two levels of electrical modulation whereby the baseband channels are initially
amplitude modulated prior to frequency or phase modulation [Ref. 66]. The
FM or PM signal thus obtained is then used to intensity modulate the optical
source. At the receive terminal the transmitted optical signal is detected prior
to electrical demodulation and demultiplexing (filtering) to obtain the originally
transmitted baseband signals.

A further major advantage of subcarrier intensity modulation is the possible
improvement in SNR that may be obtained during subcarrier demodulation. In
order to investigate this process it is necessary to obtain a general expression
for the SNR of the intensity modulated optical carrier which may then be
applied to the subcarrier intensity modulation formats. Therefore, as with
D-IM, considered in the previous section, an electrical signal m(f) modulates
the source intensity. The transmitted optical power waveform is of the same
form as Eq. (10.59), where:

Po(t) = Pi(1 + m(®) (10.75)

Also the secondary photocurrent I(f) generated at an APD receiver following
Eq. (10.62) is given by:

I(0) = I,M(1 + m(1) (10.76)
The mean square signal current zg_.g may be written as [Ref. 65]:
i2, = ,M)P, (10.77)

where P,, is the total power of m(f), which can be defined in terms of the
spectral density S,,(®) of m(f) accupying a one-sided bandwidth B,, Hz as:

1 2rB
P, = —'[ S, (®) do (10.78)
2n By

Hence the SNR defined in terms of the mean square signal current to mean
square noise current (i.e. rms signal power to rms noise power) using Egs.
(10.77) and (10.66) can now be written as:

( S ) fsig (Ip M)z Pm

N & 2eB,(I, + I)M?F(M) + (4KTBF,/R,)

B 2P,
" 2B, e, + I,)F(M) + (4KTBF,/M’R,)

(RP, )P,

D-IM 10.79
2B, N, ¢ ) ( )
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where we substitute for 7, from Eq. (8.4) and for notational simplicity write.

4KTBF,
N, =el, + [)F(M) + ———

MR, (10.80)

The result obtained in Eq. (10.79) gives the SNR for a direct intensity
modulated optical source where the total modulating signal power is P..In
this context Eg. (10.79) is simply a more general form of Egq. (10.67),
However, we are now in a position to examine the signal to noise performance

of various subcarrier intensity modulation formats.

10.7.4 Subcarrier Double Sideband Modulation (DSB-1M)

A simple way to translate the spectrum of the baseband message signal a(r) is
by direct multiplication with the subcarrier waveform 4. cos @ ¢ giving the
modulated waveform m(¢) as:

m(t) = A.af(t) cos w,t (10.81)

where A4, is the amplitude, and o, the angular frequency of the subcarrier
waveform. For a cosinusoidal modulating signal (cos w,f) the subcarrier
electric field E,_ () becomes:

A,
E ()= - cos (w, + Wy )t + cos (@, — o, )t (10.82)

giving the upper and lower sidebands. The time and frequency domain
representations of the modulated waveform are shown in Fig. 10.43. It may be

Modulating signal

W
b

0 U;r\u Time (2)
7/ ) N
N
Carrier electric
field amplitude
b t .1 .
o —fo =l =fit ] 0 =t L Ltk requency ()

Fig. 10.43 Time and frequency domain representations of double sideband modulation.
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observed from the frequency domain representation that only the two sideband
components are present as indicated in Eq. (10.82). This modulation technique
is known as double sideband modulation (DSB) or double sideband suppressed
carrier (DSBSC) amplitude modulation. It provides a more efficient method of
translating the spectrum of the baseband message signal than conventional full
amplitude modulation where a large carrier component is also present in the
modulated waveform.

The DSB signal shown in Fig. 10.43 intensity-modulates the optical source.
Therefore the transmitted optical power waveform is obtained by combining
Eqgs. (10.75) and (10.81) where for simplicity we set the carrier amplitude 4. to
unity, giving:

P, () = P(1 + a(f) cos w.1) (10.83)

Furthermore, in order to prevent overmodulation, the value of the message
signal is normalized such that |a(t) < 1| with power P, < 1. The DSB
modulated electrical subcarrier occupies a bandwidth B,, =2B,, and with a
carrier amplitude of unity, P,, = P,/2. Hence, the ratio of rms signal power to
rms noise power obtained within the subcarrier bandwidth at the input to the
double sideband demodulator is given by Eq. (10.79), where:

(RP,'P,/2  (RP,YP,

= (10.84)
2x2B,N, 8B,N,

S
(— ) input DSB =
N rms

However, an ideal DSB demodulator gives a detection gain of 2 or 3 dB
improvement in SNR [Ref. 67]. This yields an output SNR of:

S S . (RP, )P,
(— ) output DSB =2 (—) input DSB=———— (10.85)
rms rms 4B,N,

a o

Comparison of the result obtained in Eq. (10.85) to that using direct
intensity modulation of the baseband signal given by Eq. (10.79) shows a 3 dB
degradation in SNR when employing DSB—IM under the same conditions of
bandwidth (i.e. B,, = B,), modulating signal power (i.e. P, = P,), detector
photocurrent and noise. For this reason DSB—IM systems (and also AM—IM
systems in general) are usually not considered efficient for optical fiber com-
munications. Therefore far more attention is devoted to both FM—-IM and
PM-IM systems.

10.7.5 Subcarrier Frequency Modulation (FM-IM)

In this modulation format, the subcarrier is frequency modulated by the
message signal. The conventional form for representing the baseband signal
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which intensity modulates the optical source is [Ref. 67]:

m(f) = A4, cos [wct + ki J'l a(r) dr] (10.86)
0

where k; is the angular frequency deviation in radians per second per unit of
a(f). To prevent intensity over modulation, the carrier amplitude A < 1, The
generally accepted expression for the bandwidth which is referred to ag
Carson’s rule is given by:

B, ~ 2D; + 1B, (10.87)

where D; is the frequency deviation ratio defined by:

peak frequency deviation Ja
"= pandwidthofa() B,

(10.88)

The peak frequency deviation in the subcarrier FM signal fy is given by:

fi = k; max|a(®)| (10.89)
Hence the SNR at the input to the subcarrier FM demodulator is:
(S ) " (RP,)*(42/2) 05
— inpu = X
b 28,1, ¥

The subcarrier demodulator operating above threshold yields an output SNR
[Ref. 65]:

S ' P,(RP,)(4%/2)
2 ) output FM =6D}D} + ) ———— 10.91
( )mS utpul ¢ (Df ) 2B,.N, ( )
Substituting for B,, from Eg. (10.87) gives:
S 3DEP,(RP, )V (42/2
(—) output FM = — (RP,Y 4:/2) (10.92)
rms ZB,,NO

The result obtained in Eq. (10.92) indicates that a significant improvement
in the postdetection SNR may be achieved by using wideband FM-IM as
demonstrated in the following example.

Example 10.15

(a) A D-IM and an FM-IM optical fiber communication system are operated under
the same conditions of modulating signal power and bandwidth, detector
photocurrent and noise. Furthermore, in order to maximize the SNR in the FM-IM
system, the amplitude of the subcarrier is set to unity. Derive an expression for the
improvement in post detection SNR of the FM—IM system over the D-IM system. It
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may be assumed that the SNR is defined in terms of the rms signal power to rms
noise power.

(b) The FM—IM system described in {a) has an 80 MHz subcarrier which is
modulated by a baseband signal with a bandwidth of 4 kHz such that the peak
| frequency deviation is 400 kHz. Use the result obtained in (a) to determine the
improvement in post detection SNR (in decibels) over the D-IM system operating
under the same conditions. Also estimate the bandwidth of the FM signal.

Solution: (a) The output SNR for the D—IM system is given by Eq. (10.79) where
we can write P, =P, and B, =B,. Hence:

S (RP, 2P,
— output D-IM = ——
N Fims 2B,N,

The corresponding output SNR for the FM—IM system is given by Eq. (10.92)
| where setting A, to unity gives:

s 3D7P,(RP,1
— output FM = ——
N rms 4S£NO

| Therefore the improvement in SNR of the FM—IM system over the D—IM system is

| given by:

|

' [30%P,(RP, V1/(4B,N,)

SNR improvement =
(RP,)?P,1/(2B,N,)
30}
T B
and,

3
SNR improvement in decibels = 10 log,, — D}
2

= 1.76 + 20 log,o D¢
(b) The frequency deviation ratio is given by Eq. (10.88) where:

fy 400 x 10°

Therefore the SNR improvement is:

SNR improvement = 1.76 + 20 log,, 100

41.76 dB
The bandwidth of the FM—-IM signal may be estimated using Eq. {10.87) where:
B, ~2(D; + 1)B, = 2(100 + 1)4 x 10°
= 808 kHz

This result indicates that the system is operating as a wideband FM—iM system.
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Example 10.15 illustrates that a substantial improvement in the post detec.
tion SNR over D-IM may be obtained using FM-IM. However, it Must be
noted that this is at the expense of a tremendous increase in the ba"d\'o‘idth
required (808 kHz) for transmission of the 4 kHz baseband channel,

10.7.6 Subcarrier Phase Modulation (PM-IM)

With this modulation technique the instantaneous phase of the subcarrier ig set
proportional to the modulating signal. Hence in a PM—IM system the modylat.
ing signal m(#) may be written as [Ref. 67]:

m(®) = 4, cos (w.t + k,a(r)) (10.93)

where k, is the phase deviation constant in radians per unit of a(f). Again the
carrier amplitude 4, < 1 to prevent intensity overmodulation. Moreover, the
bandwidth of the PM—IM signal is given by Carson’s rule as:

B, ~ 2D, + 1)B, (10.94)

where D, is the frequency deviation ratio for the PM—IM system. In common
with subcarrier frequency modulation the frequency deviation ratio is defined
as:

_ S

D
P B

(10.95)

a

where f; is the peak frequency deviation of the subcarrier PM signal, which is
given by:

Ja =k, max 360

dr

(10.96)

The SNR at the input to the subcarrier PM demodulator is:

S) input PM RR) A2 (10.97)
— 1n = .
( M 2B, N,

The output SNR from an ideal subcarrier PM demodulator operating above
threshold is [Ref. 65]:

D2P,(RP,42/2

10.98)
2B,N, (

S
(— ) output PM =
The result given in Eq. (10.98) suggests that an improvement in SNR over
D-IM may be obtained using PM—IM, especially when the SNR is maximized

with 4, = 1. However, comparison of PM—IM with FM—IM indicates that the
latter modulation format gives the greatest improvement.
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Example 10.16

A PM-IM and an FM—IM optical fiber communication system are operated under the
same conditions of bandwidth, baseband signal power, subcarrier amplitude, fre-
quency deviation, detector photocurrent and noise, Assuming the demodulators for
both systems are ideal, determine the ratio (in decibels) of the output SNR from the
FM—IM system to the output SNR from the PM-IM system.

Solution: The output SNR from the FM—IM system is given by Eq. {10.92) where:

s 301P, (RP,'AR/2
e outputFIM = ————
N fims 28,N,
Substituting for D¢ from Eq. {10.88) gives:
s 3r3P, (AP, 12432
— output FiM = —
N rms ZB%ND
The output SNR for the PM-IM system is given by Eq. (10.88) where:
S DYP, (RP, 12AL/2
s output PM = ——m———
N rms ZSHND
Substituting for D, from Eq. (10.95) gives:
S FAP, (AP, A2
— output PM = ———
N rms 2B°aNn
The ratio of the output SNRs from the FM—IM and the PM—-IM system is:
[3F3P,(RP,12A%/21/(2B3N,)
[f4P,(RP,)2A2/21/(2B3 N,)

Ratio =

3
4.77 dB

Example 10.16 shows that the FM—IM system has a superior output SNR
by some 4.77 dB over the corresponding PM—IM system. Nevertheless, this
does not prohibit the use of PM—IM systems for analog optical fiber com-
munications as they still exhibit a substantial improvement in output SNR over
D-IM systems, as well as allowing frequency division multiplexing. It should
be noted, however, that a similar bandwidth penalty to FM-IM is incurred
using this modulation format.

10.7.7 Pulse Analog Techniques

Pulse modulation techniques for analog transmission, rather than encoding the
analog waveform into PCM, were mentioned within the system design con-
siderations of Section 10.4. The most common techniques are pulse amplitude
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modulation (PAM), pulse width modulation (PWM), pulse position modula.
tion (PPM) and pulse frequency modulation (PFM). All the pulse analog
techniques employ pulse modulation in the electrical regime prior to il‘llensity
modulation of the optical source. However, PAM-IM is affected by source
nonlinearities and is less efficient than D-IM, and therefore is usually
discounted. PWM-IM is also inefficient since a large part of the transmitteq
energy conveys no information as only variations of the pulse width about 4
nominal value are of interest. Alternatively, PPM~IM and PFM-IM offe,
distinct advantages since the modulation affects the timing of the pulses, thyg
allowing the transmission of very narrow pulses. Hence, PPM-IM apq
PFM-IM provide similar signal to noise performance to subcarrier phase and
frequency modulation whilst avoiding problems involved with source linearity,
These techniques therefore prove advantageous for longer-haul analog fiber
links. Although PPM-IM is slightly more efficient it provides less SNR
improvement over D—IM, than that gained with PFM—IM, where wideband
FM gain may be obtained. Furthermore, the terminal equipment required for
PFM-IM is less complex and therefore it is generally the preferred pulse
analog technique [Refs. 68 and 72—76]. For these reasons the system aspects
of pulse analog transmission will be considered in relation to PFM-IM.

A block schematic of a PEM—IM optical fiber system is shown in Fig,
10.44. Pulse frequency modulation in which the pulse repetition rate is varied
in sympathy with the modulating signal is performed in the PFM modulator
which consists of a voltage controlled oscillator (VCO). This in turn operates
the optical source by means of either a fixed pulse width or a fixed duty cycle
(e.g. 50%). Demodulation in the system shown in Fig. 10.44 is by regenerative
baseband recovery, whereby the individual pulses are detected in a wideband
receiver before they are regenerated with a limiter and monostable. This
provides the desired modulating signal as a baseband component which is
recovered through a low pass filter.

Hl

Detector L
Video input VT T
o » vCco Limiter

Fiber
cable b—D i}" [—L
Jox Gl ’ Optical -

Monostable|

Drive s Regenerator
circuit -

Video output

< |—<— x

Optical Video Demodulating
source amplifier low pass filter

Fig. 10.44 A PFM-IM optical fiber system employing regenerative baseband recovery:

Ex. 1017.102



OPTICAL FIBER SYSTEMS 469

Regenerative baseband recovery gives the best SNR at the system output.
A simpler PFM demodulation technique for fixed width pulse transmission is
direct baseband recovery. In this case, because a baseband component is
generated at the transmit terminal, detection may be performed with a low
bandwidth receiver and the modulating signal obtained directly from a low
pass filter. However, this technique gives a reduced SNR for a given optical
power and therefore does not find wide application.

The SNR in terms of the peak to peak signal power to rms noise power of a
PFM-IM system using regenerative baseband recovery is given by [Ref. 68]:

(i) _ 3('1’",3j{J,"vi’RJF"‘W}1
PP

N (nTyBY i, (10:99)

where T, is the nominal pulse period which is equivalent to the reciprocal of
the pulse rate f;, fp is the peak to peak frequency deviation, R is the
photodiode responsivity, M is the photodiode multiplication factor, P,, is the
peak received optical power, Ty is the pulse rise time at the regenerator circuit
input, B is the post detection or effective baseband noise bandwidth and 2 is
the receiver mean square noise current. It may be noted that improved SNRs
are obtained with short rise time detected pulses. Moreover, the pulse rise time
at the regenerator circuit input is dictated by the overall 10-90% system rise
time 7,, so there is no advantage in using a wideband receiver with a better
pulse rise time than this. In fact such a receiver would degrade the system
performance by passing increased front end noise. Therefore in an optimized

PFM regenerative receiver design, Ty = T,,,, and following Eq. (10.43):
Ty ~ 1.1 (T2 + T2 + T? + Th)} (10.100)

where Ty, T,, T. and T, are the rise times of the source (or transmitter), the
fiber (intermodal and intramodal) and the detector (or receiver) respectively.

Example 10.17

An optical fiber PFM—IM system for video transmission employs regenerative
baseband recovery. The system uses graded index fiber and an APD detector and
has the following operational parameters:

Nominal pulse rate 20 MHz
Peak to peak frequency deviation 5 MHz
APD responsivity 0.7

APD multiplication factor 60

Total system 10-90% rise time 12 ns
Baseband noise bandwidth 6 MHz
Receiver mean square noise current 1 x 10717 A?

Calculate: (a) the optimum receiver bandwidth; (b) the peak to peak signal power to
rms noise power ratio obtained when the peak input optical power to the receiver is
—40 dBm.

Solution: (a) For an optimized design the pulse rise time at the regenerator circuit
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is equal to the total system rise time, hence Tz = 12 ns. The optimum receiver
bandwidth is simply obtained by taking the reciprocal of Tg.

Solution: (a) For an optimized design the pulse rise time at the regenerator circuit
is equal to the total system rise time, hence T = 12 ns. The optimum receiver
bandwidth is simply obtained by taking the reciprocal of 7y giving 83.3 MHz.

(b) The nominal pulse period T, (= 1/f;) is 5 x 10~% s and the peak optical power
at the receiver is 1 x 10~7 W. Therefore, the peak to peak signal to rms noise ratio
may be obtained using Eq. (10.99), where:

(s ) 3T, fo MRP,,)?
PP

N 2n7, B)%f

3(5 x 1078 x 5 x 108 x 60 x 0.7 x 1077)2

(2 x12 x 1072 x 6 x 10%)% x 10-"7

1.62 x 10°
62.1dB

The result of example 10.17(b) illustrates the possibility of acquiring high
SNRs at the output to a PFM—IM system using a regenerative receiver with
achievable receiver noise levels and with moderate input optical signal power
to the receiver.

10.8 COHERENT SYSTEMS

The detection of an intensity modulated optical carrier is basically a photon
counting process where each detected photon is converted into an electron—
hole pair (or in the case of the APD a number of pairs due to avalanche gain).
It was indicated in Section 7.5 that this process which ignores the phase and
polarization of the electromagnetic carrier may be readily implemented with
currently available optical components. Thus all the previous discussion in this
chapter involving both digital and analog systems has been applied to an
intensity modulated optical carrier. However, receivers designed to detect the
intensity modulated lightwave are often limited by noise generated in the
electronic amplifier, except at very high SNRs. This reduces receiver sensitivity
below the quantum noise limited conditions by at least 10—20 dB. It has been
demonstrated that improved sensitivity may be obtained using well-known
coherent detection techniques for the optical signal (i.e. heterodyne or
homodyne detection). These methods have been successfully applied in free
space optical communication systems using gas lasers [Ref. 77].

Coherent optical fiber transmission requires the direct modulation of the
amplitude (direct AM), frequency (direct FM) or phase (direct PM) of a
coherent optical carrier prior to demodulation using coherent detection. In the
case of digital transmission this implies amplitude, frequency or phase shift
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keying (ASK, FSK or PSK) modulation techniques [Ref. 67]. Coherent detec-
tion by heterodyning involves the mixing of the incoming signal with a local
optical oscillator to produce an intermediate frequency (IF), which is a
difference signal (or difference frequency) carrying the modulating information
signal. This signal may then be processed using standard techniques [Ref. 67].
Alternatively, with homodyne detection a local oscillator is set at the same fre-
quency and phase as the coherent carrier, prior to optical mixing, which then
translates the required information signal into the baseband.

A principal advantage of coherent detection for optical systems is the fact
that the local oscillator power may be set such that the receiver noise is
dominated by the shot noise contribution from the local oscillator. Further-
more, the signal power is proportional to the local oscillator power giving, for
large local oscillator powers, an SNR which is independent of electronic
amplifier noise. This allows a significant improvement in SNR at the receiver.
In free space optical communications the SNR at the receiver output when
using heterodyne detection may be shown [Ref. 78] to be at least a factor of 8
(or 9dB) higher than that for subcarrier intensity modulation; the SNR
improvement using homodyne in a similar system is at least a factor of 4 (or
6 dB). Conversely, investigation of digital optical modulation formats for
coherent transmission [Ref. 79] indicates that PSK homodyne detection gives
the best sensitivity by some 16—22 dB over ASK baseband direct detection.
PSK heterodyne detection also proves to be the most sensitive heterodyning

Information

s:'iml

InjeCthljl laser § A A » Modulator Optical
(OF oscillator) adapter
Transmit terminal
Single mode;
fiber cable
Receive terminal
Information
signal Demodulator/ Optical <t Optical _ Optical
decoder detector mixer adapter
Local OF
oscillator
(injection laser)

Fig. 10.45 A coherent optical fiber system employing heterodyne detection [Ref. 84].
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technique with a minimum detectable power only 3 dB higher than that of pgg
homodyne detection. Hence this shot noise limited detection offers to provide a
distinet increase in the potential repeater spacing for optical fiber linkg
Moreover, coherent transmission will allow high capacity information transfe,
using frequency division multiplexing with fine frequency separation. This i
turn will allow full exploitation of the low loss transmission windows in the
longer wavelength region (around 1.3 ym and 1.55 pm).

However, there are problems associated with coherent optical fiber
transmission which can be observed by considering the block schematic of 5
possible system employing heterodyne detection shown in Fig. 10.45 [Ref. 80,
The transmitter comprises an injection laser source which acts as an optica|
frequency oscillator, the output of which is modulated by the information
signal using a suitable optical modulator. The directly modulated optica]
carrier is then launched into a single mode fiber through an optical adapter,
The received optical signal is mixed with the output from the local optical
oscillator, which is also provided by a suitable injection laser. To permit
satisfactory heterodyne detection, the optical mixer must combine the
polarized optical signal field with the similarly polarized local optical field in
the most efficient manner. Ideally this device would be realized using
integrated optical techniques (see Section 11.7). Finally, the signal is
demodulated to obtain the originally transmitted information. For such a
system to be practical both the source and local oscillator must be spectrally
pure and frequency stabilized with respect to each other. Although this has
proved possible using gas lasers, suitable semiconductor injection lasers are
not easily obtained. The frequency stabilization of good, pure frequency, single
mode injection lasers by control of temperature and injection current has
received some attention [Refs. 81 and 82}, but work is still at a preliminary
stage. In this context injection locked semiconductor lasers or optical voltage
controlled oscillators operating a very low input level may prove essential
[Ref. 83].

In order to achieve coherent transmission a single polarization state of the
fundamental HE;, mode must be launched into and maintained in the fiber.
Therefore a suitable optical adapter (e.g. birefringent plate) is required to
adjust the polarization of the input optical wave to one of the orthogonal
polarization states of the single mode fiber cable. Such an adapter will also
ensure the best possible matching to maximize the launching efficiency into the
fiber. Finally, the fiber cable must be capable of maintaining this carrier
polarization state over its length for coherent detection to take place at the
receiver. This aspect of coherent transmission is also currently under investiga-
tion as discussed in Section 3.12.

Therefore the realization of practical coherent optical fiber transmission
systems requires further research and development of the optical system com-
ponents. Nevertheless, the feasibility of coherent transmission has been shown
with the successful demonstration of optical FSK heterodyne detection using a
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semiconductor laser source and local oscillator [Ref. 84]. Furthermore the
potential benefits of these systems, especially in the area of long-haul, wide-
pband optical fiber communications ensures that interesting developments may
be anticipated in the near future.

PROBLEMS

10.1 Discuss the major considerations in the design of digital drive circuits for:
(a) an LED source;
(b) an injection laser source.
Illustrate your answer with an example of a drive circuit for each source.

10.2 Qutline, with the aid of suitable diagrams, possible techniques for:
(a) the linearization of LED transmitters;
(b) the maintenance of constant optical output power from an injection
laser transmitter.

10.3 Discuss, with the aid of a block diagram, the function of the major elements
of an optical fiber receiver. In addition, describe possible techniques for
automatic gain control in APD receivers.

10.4 Equalization within an optical receiver may be provided using the simple fre-
quency ‘rollup’ circuit shown in Fig. 10.46(a). The normalized frequency
response for this circuit is illustrated in Fig. 10.46(b).

The amplifier indicated in Fig. 10.46(a) presents a load of 5kQ to the
photodetector and together with the photodetector gives a total capacitance
of 5 pF. However, the desired response from the amplifier—equalizer con-
figuration has an upper 3 dB point or corner frequency at 30 MHz. Assum-
ing R, is fixed at 100 Q determine the required values for C, and R in order
to obtain such a response.

Normalized magnitude‘

of the equalizer L

frequency response

CV
1+
» 2 /__
R
: - . o=
== ﬁ RZIC. =2¢8 Angular frequency @

@ (b)

Fig. 10.46 The equalizer of problem 10.4: (a) the frequency 'rollup’ circuit; (b) the
spectral transfer characteristic for the circuit.

10.5 Describe the conversion of an analog signal into a pulse code modulated
waveform for transmission on a digital optical fiber link. Furthermore
indicate how several signals may be multiplexed onto a single fiber link.

A speech signal is sampled at 8 kHz and encoded using a 256 level binary
code. What is the minimum transmission rate for this single pulse code
modulated speech signal? Comment on the result.
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10.7

10.8
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10.10
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A 1.5 MHz information signal with a dynamic range of 64 mV is sampleq
quantized and encoded using a direct binary code. The quantization is linea,:
with 512 levels. Determine:

(a) the maximum possible bit duration;

(b) the amplitude of one quantization level.

Describe, with the aid of a suitable block diagram, the operation of an Optical
fiber regenerative repeater. Indicate reasons for the occurrence of bit errorg in
the regeneration process and outline a technique for establishing the quality
of the channel.

Twenty-four 4 kHz speech channels are sampled, quantized, encoded and
then time division multiplexed for transmission as binary PCM on a digita|
optical fiber link. The quantizer is linear with 0.5 mV steps over a dynamic
range of 2.048 V.

Calculate:

(a) the frame length of the PCM transmission, assuming an additiona]

channel time slot is used for signalling and synchronization;
(b) the required channel bandwidth assuming NRZ pulses.

Develop a relationship between the error probability and the received SNR
(peak signal power to rms noise power ratio) for a baseband binary optical
fiber system. It may be assumed that the number of ones and zeros are
equiprobable and that the decision threshold is set midway between the one
and zero level.

The electrical SNR (defined as above) at the digital optical receiver is
20.4 dB. Determine:

(a) the optical SNR;

(b) the BER.
It may be assumed that erfc (3.71) ~1.7 x 1077,

The error function (erf) is defined in the text by Eq. (10.16). However an
error function also used in communications is defined as:

Erf (4) = ——— J' " exp(x2/2) dx
Ven J_,

where a capital E is used to denote this form of the error function. The
corresponding complementary error function is:

1 -0
Erfc (u) = 1 — Erf () = —J exp (—x%/2) dx
\/ @nJ,
This complementary error function is also designated as Q(u) in certain texts.
Use of Erfc (u) or Q(u) is sometimes considered more convenient within com-
munication systems.

Develop a relationship for erfc () in terms of Erfc (u). Hence obtain an
expression for the error probability P(e) as a function of the Erfc for a binary
digital optical fiber system where the decision threshold is set midway
between the one and zero levels and the number of transmitted ones and
zeros are equiprobable. In addition given that Erfc (4.75) ~1 X 107
estimate the required peak signal power to rms noise power ratios (both
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10.11

10.12

10.13

10.14

10.15

10.16

optical and electrical) at the receiver of such a system in order to maintain a
BER of 10°°.

Show that Eq. (9.27) reduces to Eq. (10.28). Hence determine F(M) when
k=0.3 and M =20.

A silicon APD detector is utilized in a baseband binary PCM receiver where
the decision threshold is set midway between the one and zero signal level.
The device has a quantum efficiency of 70% and a ratio of carrier ionization
rates of 0.05. In operation the APD has a multiplication factor of 65. Assum-
ing a raised cosine signal spectrum and a zero disparity code, and given that
erfc (4.47) ~2 x 1071°:

(a) estimate the number of photons required at the receiver to register a
binary one with a BER of 107%%;

(b) calculate the required incident optical power at the receiver when the
system is operating at a wavelength of 0.9 um and a transmission rate
of 34 Mbits™;

(c) indicate how the value obtained in (b) should be modified to com-
pensate for a 3B4B line code.

A p—i—n photodiode receiver requires 2 x 10* incident photons in order to
register a binary one with a BER of 107~°. The device has a quantum
efficiency of 65%. Estimate in decibels the additional signal level required in
excess of the quantum limit for this photodiode to maintain a BER of 107

An optical fiber system employs an LED transmitter which launches an
average of 300 pW of optical power at a wavelength of 0.8 um into the
optical fiber cable. The cable has an overall attenuation (including joints) of
4 dBkm™'. The APD receiver requires 1200 incident photons in order to
register a binary one with a BER of 107'%, Determine the maximum
transmission distance (without repeaters) provided by the system when the
transmission rate is 1 Mbits™' and 1 Gbit s™! such that a BER of 10710 is
maintained.

Hence sketch a graph showing the attenuation limit on transmission
distance against the transmission rate for the system.

An optical fiber system uses fiber cable which exhibits a loss of 7dB km™'.
Average splice losses for the system are 1.5 dB km~!, and connector losses at
the source and detector are 4 dB each. After safety margins have been
allowed, the total permitted channel loss is 37 dB. Assuming the link to be
attenuation limited, determine the maximum possible transmission distance
without a repeater.

Assuming a linear increase in pulse broadening with fiber length, show that
the transmission rate Br(DL) at which a digital optical fiber system becomes
dispersion limited is given by:

(agp + qj) 1

B(DL) ~
w(DL) Sag(km) 10log o (P;/P,)

where or(km) is the total rms pulse broadening per kilometer on the link
(hint: refer to Egs. (3.3) and (3.10)).

|
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10.17

10.18

10.19

10.20

10.21
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(a) A digital optical fiber system using an injection laser source displayg
rms pulse broadening of 1 ns km™'. The fiber cable has an attenuatiop
of 3.5dB km™' and joint losses average out to 1 dBkm™', Estimate
the transmission rate at the dispersion limit when the difference in
optical power levels between the input and output is 40 dB.

(b) Calculate the dispersion limited transmission distance for the S?Jstem
described in (b) when the transmission rates are 1 Mbits™ and
1 Gbits™', Hence sketch a graph showing the dispersion limit o
transmission distance against the transmission rate for the system,

The digital optical fiber system described in problem 10.16(a) has a transmis.
sion rate of 50 Mbits™' and operates over a distance of 12 km without
repeaters. Assuming Gaussian shaped pulses, calculate the dispersion—
equalization penalty exhibited by the system for the cases when:

(a) there is no mode coupling; and

(b) there is mode coupling.

A digital optical fiber system uses an RZ pulse format. Show that the
maximum bit rate for the system Br(max) may be estimated using the expres-
sion:

0.35

B1(max) =
syst

where Ty, is the total system rise time. Comment on the possible use of the
factor 0.44 in place of 0.35 in the above relationship.

An optical fiber link is required to operate over a distance of 10 km
without repeaters. The fiber available exhibits a rise time due to intermodal
dispersion of 0.7 nskm™', and a rise time due to intramodal dispersion of
0.2nskm™'. In addition the APD detector has a rise time of 1 ns. Estimate
the maximum rise time allowable for the source in order for the link to be
successfully operated at a transmission rate of 40 Mbit s™! using an RZ pulse
format.

A digital single mode optical fiber system is designed for operation at a
wavelength of 1.5 pm and a transmission rate of 560 Mbit s~' over a distance
of 50 km without repeaters. The single mode injection laser is capable of
launching a mean optical power of —13 dBm into the fiber cable which
exhibits a loss of 0.35dB km™'. In addition splice losses are 0.1 dB km™'.
The connector loss at the receiver is 0.5 dB and the receiver sensitivity is
—39 dBm. Finally an extinction ratio penalty of 1dB is predicted for the
system. Perform an optical power budget for the system and determine the
safety margin.

Briefly discuss the reasons for the use of block codes in digital optical fiber
transmission. Indicate the advantages and drawbacks when a 5B6B code is
employed.

A D-IM analog optical fiber system utilizes a p—i—n photodiode receiver.
Derive an expression for the rms signal power to rms noise power ratio in the
quantum limit for this system.

The p—i-n photodiode in the above system has a responsivity of 0.5 at the
operating wavelength of 0.85 pm. Furthermore the system has a modulation

-
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10.22

10.23

10.24

10.25

10.26

10.27

10.28

index of 0.4 and transmits over a bandwidth of 5 MHz. Sketch a graph of the
quantum limited receiver sensitivity against the received SNR (rms signal
power to rms noise power) for the system over the range 30—60 dB. It may be
assumed that the photodiode dark current is negligible.

In practice the analog optical fiber receiver of problem 10.21 is found to be
thermal noise limited. The mean square thermal noise current for the receiver
is 2 x 1072 A% Hz™!. Determine the peak to peak signal power to rms noise
power ratio at the receiver when the average incident optical power is
-17.5 dBm.

An analog optical fiber system has a modulation bandwidth of 40 MHz and a
modulation index of 0.6. The system utilizes an APD receiver with a
responsivity of 0.7 and is quantum noise limited. An SNR (rms signal power
to rms noise power) of 35 dB is obtained when the incident optical power at
the receiver is —30 dBm. Assuming the detector dark current may be
neglected, determine the excess avalanche noise factor at the receiver.

A simple analog optical fiber link operates over a distance of 15 m. The
transmitter comprises an LED source which emits an average of 1 mW of
optical power into air when the drive current is 40 mA. Plastic fiber cable
with an attenuation of 500 dB km~! at the transmission wavelength is
utilized. The minimum optical power level required at the receiver for
satisfactory operation of the system is 5 uW. The coupling losses at the
transmitter and receiver are 8 and 2 dB respectively. In addition a safety
margin of 4 dB is necessary. Calculate the minimum LED drive current
required to maintain satisfactory system operation.

An analog optical fiber system employs an LED which emits 3 dBm mean
optical power into air. However, a coupling loss of 17.5 dB is encountered
when launching into a fiber cable. The fiber cable which extends for 6 km
without repeaters exhibits a loss of 5 dB km™. It is spliced every 1.5 km with
an average loss of 1.1 dB per splice. In addition there is a connector loss at
the receiver of 0.8 dB. The PIN-FET receiver has a sensitivity of —54 dBm at
the operating bandwidth of the system. Assuming there is no dispersion—
equalization penalty, perform an optical power budget for the system and
establish a safety margin.

Indicate the techniques which may be used for analog optical fiber transmis-
sion where an electrical subcarrier is employed. Illustrate your answer with a
system block diagram showing the multiplexing of several signals onto a
single analog optical fiber link.

A narrowband FM—IM optical signal has a maximum frequency deviation of
120 kHz when the frequency deviation ratio is 0.2. Compare the post detec-
tion SNR of this signal with that of a DSB—IM optical signal having the same
modulating signal power, bandwidth, detector photocurrent and noise. Also
estimate the bandwidth of the FM—IM signal. Comment on both results.

A frequency division multiplexed optical fiber system uses FM—IM. It has 50
equal amplitude voice channels each bandlimited to 3.5 kHz. A 1 kHz guard
band is provided between the channels and below the first channel. The peak
frequency deviation for the system is 1.35 MHz. Determine the transmission
bandwidth for this FDM system.

!
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An FM-IM system utilizes pre-emphasis and de-emphasis to enhance jtg
performance in noise [Ref. 65]. The de-emphasis filter is a first order RC loy
pass filter placed at the demodulator to reduce the total noise power. This
filter may be assumed to have an amplitude response H 4.(w) given by:

H S
(@) 1 + (0/w,)?

where o, =21/, =1/RC.
The SNR improvement over FM-IM without pre-emphasis and de.
emphasis is given by:

SNRy, i (=2 (B" )2 '
de improvement = — { —

3INS
where B, is the bandwidth of the baseband signal and f, < B,.

(a) Write down an expression for the amplitude response of the pre-
emphasis filter so that there is no overall signal distortion,

(b) Deduce an expression for the post detection SNR improvement in
decibels for the FM—IM system with pre-emphasis and de-emphasis
over a D-IM system operating under the same conditions of modulat.
ing signal power and bandwidth, photocurrent and noise. It may be
assumed that f, < B,.

(c) A baseband signal with a bandwidth of 300 kHz is transmitted using
the FM—~IM system with pre-emphasis and de-emphasis. The maxi-
mum frequency deviation for the system is 4 MHz. In addition the de-
emphasis filter comprises a 500 Q resistor and a 0.1 uF capacitor.
Determine the post detection SNR improvement for this system over a
D-IM system operating under the same conditions of modulating
signal power and bandwidth, photocurrent and noise.

A PM-IM optical fiber system operating above threshold has a frequency
deviation ratio of 15 and a transmission bandwidth of 640 kHz.
(a) Estimate the bandwidth of the baseband message signal.
(b) Compute the post detection SNR improvement for the system over a
D-IM system operating with the same modulating signal power and
bandwidth, detector photocurrent and noise.

Discuss the advantages and drawbacks of the various pulse analog tech-
niques for optical fiber transmission. Describe the operation of a PFM—IM
optical fiber system employing regenerative baseband recovery.

An optical fiber PFM—IM system uses regenerative baseband recovery. The
optical receiver which incorporates a p—i—n photodiode has an optimized
bandwidth of 125 MHz. The other system parameters are;

Nominal pulse rate 35 MHz

Peak to peak frequency deviation 8 MHz

p-i—n photodiode responsivity 0.6 A W
Baseband noise bandwidth 10 MHz

Receiver mean square noise current 3x 1075 A% Hz™!

|
A
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Answers to Numerical Problems
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(a) Calculate the peak level of incident optical power necessary at the
receiver to maintain a peak to peak signal power to rms noise power

ratio of 60 dB.

(b) The source and detector have rise times of 3.5 and 5.0 ns respectively.
Estimate the maximum permissible total rise time for the fiber cable
utilized in the system such that satisfactory operation is maintained.
Comment on the value obtained.

Discuss, with the aid of a suitable system block diagram, coherent optical
fiber transmission. Indicate the system component requirements necessary to
achieve successful coherent operation.

10.4 53.0 pF, 472 Q 10.19 2.1 dB

10.5 64 kbit s~ 10.21 40 nW, 40 pW

10.6 (a) 37 ns; (b) 125 pv 10.22 49.0 dB

10.8 (a) 300 bits; (b) 1.2 MHz 10.23 3.1

10.9 (a) 10.2 dB; (b) 3.4 x 1077 10.24 355 mA

10.10 P(e) = Erfc (S/N)?/2), 19.6 B 10.25 5.4 dB

10.11 74 10.27 Ratio of output SNRs (rms sig-

10.12 (a) 1400; (b) —52.8 dBm; (c) nal power to rms noise power)
-51.8 dBm for FM-IM to DSB-IM is

10.13 279 dB —9.21 dB, 1200 kHz

10.14 15.76 km, 8.26 km 10.28 3.15 MHz

10.15 3.41 km 10.29 (a) 1 + (0/0.);

10.16 (a) 22.5 Mbit s*'; (b) 200 km, (b)Y =3 + 20 log o (DrB,/f2);
0.2 km (c) 59.0 dB

10.17 (a) 16.6 dB; (b) 0.1 dB 10.30 (a) 20 kHz; (b) 20.5 dB

10.18 3.04 ns 10.32 (a) —24.4 dBm; (b) 4.6 ns
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